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Abstract 
Mayonnaise, is susceptible to oxidation resulting in quality deterioration and the formation of 
undesirable components such as free radicals and reactive aldehydes. A better understanding of the 
factors affecting lipid oxidation and ways of retarding oxidation in mayonnaise is essential to improve 
the shelf life of mayonnaise. 
Eliminating possible factors, which will reduce the induction period and hasten rancidity, can increase 
the shelf life of mayonnaise but one of the most effective means of retarding lipid oxidation in 
mayonnaise is to incorporate antioxidants. Due to the negative effects and perceptions of synthetic 
antioxidants, there has been a growing interest in using natural antioxidants in food products. Recent 
studies showed that incorporation of natural antioxidants in mayonnaise could increase its oxidative 
stability. However, natural antioxidants may exert a negative effect on sensory properties and further 
studies are needed to identify and overcome this problem.  
The aim of this project was to study the efficacy of natural antioxidants in inhibiting lipid oxidation 
in mayonnaise.  
The evolution of volatile oxidation compounds (VOxCs) in mayonnaise stored at varying 
temperatures for 92 days was investigated using static headspace extraction and separation by two-
dimensional gas chromatography/time-of-flight mass spectrometry. Considerable differences in the 
headspace composition of samples stored at 4, 25 and 38 °C were found due to the different oxidation 
levels reached. The content of hexanal in mayonnaise at 1-5 days of storage at 38 °C could be used 
to predict the corresponding compound in mayonnaise at 1-62 days of storage at 25 °C. Some volatile 
compounds were identified that could be a useful indicator of lipid oxidation of the sunflower oil in 
the mayonnaise, and by using an antioxidant to reduce these compounds a good oxidative stability 
could be reached. 
Interpreting the activity of antioxidants has been difficult due to the complex effect of lipid oxidation 
conditions and systems. Lipid oxidation process and effect of Butylated hydroxy anisole (BHA) was 
evaluated in sunflower oil and mayonnaise. The rate of lipid oxidation was higher in mayonnaise 
compared to bulk oil that could be due to the high surface area of oil that increases lipid interactions 
with aqueous phase pro-oxidants. BHA, a non-polar antioxidant was more effective in mayonnaise 
than oil. Differences seen in the efficacy of BHA in oil and mayonnaise could be explained by its 
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affinity towards oil-water interface in mayonnaise. Therefore, the matrix plays an important role on 
the antioxidant efficacy.  
The antioxidant capacity of five natural antioxidants (green tea extract (GTE), tocopherols (TOCs), 
rosemary extract containing 2.7% carnosic acid (CA, REW), oil-soluble rosemary extract containing 
5.2% CA (REO) and lemon myrtle (LEM)) was evaluated in vitro and in situ and compared to BHA. 
The antioxidant capacity was determined by measuring ferric reducing antioxidant power (FRAP) 
and free radical scavenging activity (ABTS). BHA showed the highest antioxidant capacity and was 
stable during storage of mayonnaise. GTE and TOCs had the highest antioxidant capacity among 
natural antioxidants but their activity decreased during storage of mayonnaise. Although REO had 
higher CA, it exhibited similar ABTS and FRAP activity to REW.  
The antioxidative efficiency of hydrophilic GTE (500 mg/kg oil), lipophilic TOC 500 (mg/kg oil), 
and a green tea/tocopherol mixture (GTT) in mayonnaise was investigated by measuring 
hydroperoxide concentration, VOxCs, colour and sensory properties, during 60 days of storage at 38 
°C. Although, GTE and TOC had high antioxidant capacity in vitro and in situ they acted as pro-
oxidants in mayonnaise. The pro-oxidative effect of GTE could be due to partitioning of hydrophilic 
tea catechins in the water phase of the emulsion and becoming less protective and/or reducing 
transition metals to their catalytically active state. The combination of GTE with TOC improved the 
antioxidant activity compared to the individual extracts that could be due to reduction of the TOC 
radicals by the water-soluble reductant in GTE or reduction of the lipophilic radicals. Sensory 
properties showed that GTE promoted the development of unpleasant fishy and rancid aroma. Partial 
least square analysis elucidated the predictive ability of VOxCs for sensory terms.  
The antioxidant effects of TOC, LEM, REW, REO, BHA and the combination of TOC with LEM 
(L+T) and water-soluble rosemary extract (R+T) during storage of mayonnaise at 38 °C for 60 days 
were assessed. The hydroperoxides and VOxCs, colour and sensory properties were measured, and 
the results were compared to samples without any additive (CON). All the natural antioxidants 
inhibited lipid oxidation as well as BHA except REO. However, the sensory properties of LEM and 
REW were inferior compared to TOC and BHA. Irrespective of CA content and solubility, REW 
showed significantly higher antioxidant activity compared to REO in mayonnaise. A combination of 
TOC with LEM and REW did not exert a tendency for improving the activity of each individual 
antioxidant. Thus, TOC (1000 mg/kg oil) can be recommended for the food industry as a substitute 
for the synthetic antioxidant usually used in mayonnaise.
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Chapter 1  Introduction  
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 Background 
It is generally believed that mayonnaise is one of the most popular dressing in many countries. 
Mayonnaise is an oil in water (O/W) emulsion. It contains fat and egg yolk (Worrasinchai, 
Suphantharika, Pinjai, & Jamnong, 2006). Due to its low pH and high fat content, it is relatively 
resistant to microbial spoilage (Depree & Savage, 2001). Considering the high amounts of oil 
in production of mayonnaise (65-80%) and long storage time (9 months) without enough 
attention to appropriate storage temperature conditions, mayonnaise is susceptible to oil 
autoxidation, which causes serious problems. Lipid oxidation reactions produce free radicals 
that can be transferred to other molecules such carbohydrates, vitamins and proteins. Moreover, 
lipid oxidation leads to the degradation of colour, flavour, aroma and nutritive value of lipid-
containing foods, therefore affecting consumer acceptance (Schaich, 2008). Inhibiting lipid 
oxidation can be achieved by using antioxidants. Generally, antioxidants used in the food 
industry are synthetic, but they could have toxic and carcinogenic natures and they give 
negative impressions to consumers. Therefore, food scientists are trying to use natural 
antioxidants instead of synthetic ones. Natural antioxidants are not only free of synthetic 
disadvantages, they are also beneficial to health (Li, Kim, Li, Lee, & Rhee, 2014). Nowadays, 
searching for natural food ingredients and flavours that have beneficial characteristics is 
important (Netzel, Netzel, Tian, Schwartz, & Konczak, 2007). Using natural antioxidants in 
food products is a new area. The synthetic antioxidants are more economical and stable than 
natural antioxidants. Therefore, designing a natural antioxidant system that can have the same 
activity and properties of synthetic antioxidants is challenging. 
Antioxidants can be water-soluble or oil-soluble. In systems such as O/W emulsion, factors 
such as antioxidant activity and solubility impacts antioxidant efficacy. According to the polar 
paradox theory, antioxidants located at the oil–water interface work better than antioxidants 
located in the oil droplets or in the continuous water phase (Jacobsen, Hartvigsen, Thomsen, et 
al., 2001). 
To address all the above issues, a research project to identify natural products as antioxidants 
in mayonnaise and compare their performance with common synthetic antioxidants such as 
butylated hydroxyanisole (BHA) was designed. 
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 Aims, objectives and approach 
The main objective of this PhD research was to identify natural products to improve shelf life 
of mayonnaise during storage.  
The specific objectives of this PhD research were: 
1. Investigate the effect of temperature and synthetic antioxidant on lipid oxidation in 
mayonnaise. 
2. Investigate the evolution of volatile compounds (secondary oxidation products) during 
storage of mayonnaise. 
3. Study the lipid oxidation in mayonnaise vs bulk oil and the efficacy of BHA in these 
systems. 
4. Study the in vitro and in situ antioxidant activity of natural antioxidants. 
5. Evaluate the influence of natural antioxidants during the storage time on the formation 
of primary and secondary oxidation products. 
6. Investigate the sensory properties of mayonnaise made with natural antioxidants. 
7. Investigate whether oil-soluble antioxidants works better than water-soluble 
antioxidants. 
8. Investigate the synergistic effect of oil-soluble and water-soluble antioxidants. 
9. Compare the effect of natural antioxidants with synthetic ones during lipid oxidation. 
 Significance of project 
As consumers become more concerned about their health, there is a worldwide trend for 
selecting foods made with natural ingredients. The opportunity for mayonnaise in this market 
is to replace the synthetic antioxidant. The hypothesise is that it is possible to design a 
mayonnaise with greater oxidative stability, by replacing synthetic antioxidants with natural 
ones. However, mayonnaise contains a variety of different components so still there is a 
scarcity of knowledge on the influence of these components on the efficacy of natural 
antioxidant activity. Further elucidation of the mechanism of oxidation in mayonnaise and a 
better understanding of antioxidant efficacy would have a great technological importance. The 
challenge in using natural antioxidants in mayonnaise is to obtain a product with good sensory 
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properties and satisfactory shelf life hence further studies of the influence of natural 
antioxidants on the sensory properties of mayonnaise are required. 
In this project, several key factors that affect lipid oxidation will be investigated. Different 
types of natural antioxidants (oil-soluble and water-soluble) will be used to find the best 
mixture. The effectiveness of antioxidants will be monitored by determining the extent of 
oxidation with storage time. This project will make use of metabolomics techniques to measure 
changes to the quality of the mayonnaise after formulating with different antioxidants. The 
peroxide value and colour of mayonnaise during storage will be monitored. In addition, the 
sensory properties of mayonnaise will be studied to correlate the results of metabolomics with 
sensory findings and to find out the acceptability of newly formulated mayonnaise among 
sensory panels. 
 Structure of the thesis 
This thesis consists of eight comprehensive chapters. 
Chapter 1 (p.1) presents background, aims, objectives, approaches, and justifies the 
significance of the study.  
Chapter 2 (p.6) provides a thorough review on researches studying factors affecting lipid 
oxidation in mayonnaise and role of natural antioxidants in retarding lipid oxidation. 
Chapter 3 (P.43) studies the effect of temperature and synthetic antioxidant on the evolution 
of volatile compounds (secondary oxidation products) during storage of mayonnaise. 
Chapter 4 (p.67) studies the lipid oxidation and effect of BHA on retarding lipid oxidation in 
mayonnaise and bulk oil. 
Chapter 5 (p.77) studies the in vitro and in situ antioxidant activity of selected antioxidants and 
the stability of antioxidants during storage of mayonnaise.  
Chapter 6 (p.90) is dedicated to evaluating the anti- and pro-oxidative properties of hydrophilic 
and lipophilic antioxidants in a mayonnaise and to examine the synergistic effect of hydrophilic 
and lipophilic antioxidants. 
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Chapter 7 (p.119) Based on the results of Chapter 6, further studies on the effect of tocopherol, 
rosemary extract, lemon myrtle and the effect of water soluble antioxidants on tocopherol 
activity on oxidative stability and sensory properties of mayonnaise are carried out. 
Chapter 8 (p.139) outlines the general conclusion of the thesis, highlighting main findings and 
recommendations for further research endeavours.  
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Chapter 2  Literature review 
 
 
(At least 80% of this chapter has been published. Reuse of the original published content in the 
thesis report with permission from Smyth, H. E., Sharma, M., & Fitzgerald, M. (2016). Lipid 
oxidation in mayonnaise and the role of natural antioxidants: A review. Trends in Food Science 
& Technology, 56, 88-102, Elsevier, copyright 2016)  
Sara Ghorbani Gorji reviewed the literature (100%), wrote the paper (100%) and edited the 
paper (30%). 
 Abstract 
Mayonnaise, a high-oil containing product, is susceptible to oxidation resulting in quality 
deterioration and the formation of undesirable components such as free radicals and reactive 
aldehydes. A better understanding of the factors affecting lipid oxidation and ways of retarding 
oxidation in mayonnaise is essential in order to improve the shelf life of mayonnaise. This 
review presents up-to-date knowledge on the factors affecting lipid oxidation and strategies to 
retard lipid oxidation in mayonnaise, with an emphasis on natural antioxidants, and application 
to other similar emulsions. Eliminating possible factors, which will reduce the induction period 
and hasten rancidity, can increase the shelf life of mayonnaise but one of the most effective 
means of retarding lipid oxidation in mayonnaise is to incorporate antioxidants. Due to the 
negative effects and perceptions of synthetic antioxidants, there has been a growing interest in 
improving oxidative stability of food products with natural ingredients. Therefore, to provide 
a better base for food engineers to design an effective natural antioxidant system for 
mayonnaise, in this review the emphasis is given to using natural antioxidants in mayonnaise. 
Recent studies showed that incorporation of natural antioxidants in mayonnaise could increase 
its oxidative stability. However, natural antioxidants may exert a negative effect on sensory 
properties and further studies are needed to identify, quantify and overcome this problem. 
Manipulating the interfacial layer of the oil droplet also shows promise for retarding oxidation; 
however, there is a lack of literature addressing this area. 
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 General introduction to lipid oxidation in food emulsion systems such as 
mayonnaise 
Oxidation of unsaturated fatty acids has been the focus of research that targets chemical 
instability of emulsions. Mayonnaise is a low-pH oil in water emulsion consisting of three 
different components: 70-80% oil (the dispersed phase), vinegar (the continuous phase) and 
egg yolk as an emulsifier at the interface (Li et al., 2014). As in the case of all high oil-
containing foods, mayonnaise is susceptible to deterioration due to auto-oxidation of the 
unsaturated fats in the oil. Auto-oxidation proceeds through three steps: during the initiation 
step, external energy, such as light, acts on unsaturated lipid molecules or fatty acids, in the 
presence of catalysts such as transition metals, to generate a free radical by losing a hydrogen 
atom. During the propagation step, the alkyl of the unsaturated lipid (R∙) reacts very fast with 
molecular oxygen to form peroxide radicals. This step is always much faster than the following 
which involves a hydrogen transfer reaction with unsaturated lipids to form hydroperoxides. 
At this stage, lipid peroxyl radicals (ROO∙) and hydroperoxides (ROOH) are the primary 
oxidation products. Lipid hydroperoxides are tasteless, but they further decompose to 
aldehydes, ketones, alcohols, hydrocarbons, volatile organic acids and epoxy compounds 
known as secondary oxidation products, which are responsible for the off-flavour and off-odour 
of the oil. Primary oxidation products and secondary oxidation products, together with free 
radicals, constitute the basis for measuring the oxidative deterioration of food lipids (Shahidi 
& Zhong, 2005). In the termination step, the produced radicals from the propagation step can 
be terminated by self-interactions to form non-radical species, such as oxidized polar/ non-
polar dimers or trimers of lipids.  
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Figure 2-1. Lipid oxidation reactions (adapted from Jacobsen, 2010). 
In emulsions formed from oil and water, lipid oxidation reactions are generally initiated at the 
interface between the oil and water, where pro-oxidants (transition metals) in the continuous 
phase are able to come into close contact with the hydroperoxides located at the droplet surface 
(McClements & Decker, 2000). Lipid oxidation in mayonnaise leads to the development of 
potentially toxic reaction products (Coupland & McClements, 1996), undesirable off-flavours 
and consequently decreases the shelf life of mayonnaise (Alemán et al., 2015). In order to 
tackle the problem of lipid oxidation, different strategies such as eliminating factors promoting 
lipid oxidation and using antioxidants are necessary. One of the common ways of retarding 
lipid oxidation is the use of antioxidants. The efficacy of an antioxidant is influenced by 
different factors such as its interaction with other ingredients and its ability to be located at the 
interface, where oxidation takes place (Coupland & McClements, 1996). Synthetic 
antioxidants such as butylated hydroxy toluene (BHT), butylated hydroxy anisole (BHA) and 
ethylene diamine tetraacetic acid (EDTA) (commercial antioxidants) are widely used in 
mayonnaise to prevent rancidity. However, these products suffer from a negative impression 
for their toxic and carcinogenic effects in high concentrations (Martinez-Tome et al., 2001). In 
addition, there is a growing demand from customers for products such as mayonnaise to replace 
chemical ingredients with natural ingredients. Incorporation of natural antioxidants into food 
products has great potential for improving oxidative stability of food products and will appeal 
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to a wider group of consumers. In addition, these compounds could also have health-promoting 
benefits which would enable mayonnaise producers to hit two desirable targets: health and 
natural (Hermund et al., 2015).   
The low pH and high fat content of mayonnaise makes it resistant to microbial spoilage (Depree 
& Savage, 2001). Therefore, the objective of the present paper is to review current 
understanding of factors affecting lipid oxidation and antioxidative strategies to retard lipid 
oxidation in mayonnaise, with a particular focus on current knowledge on the efficacy of 
natural antioxidants in retarding lipid oxidation in mayonnaise. The aim is to provide important 
information based on available literature reports concerning lipid oxidation in mayonnaise to 
control lipid oxidation and facilitate the replacement of synthetic antioxidants with natural 
ones. 
 Factors affecting lipid oxidation in mayonnaise 
Lipid oxidation in a complex food system such as mayonnaise, is not simple, so the mechanism 
of lipid oxidation in mayonnaise is more complex than in bulk oil systems. Although the basic 
oxidation reactions of lipids in mayonnaise are the same as those of lipids in bulk oil systems, 
factors affecting lipid oxidation are significantly different in mayonnaise and bulk oil systems 
(Jacobsen, Let, Nielsen, & Meyer, 2008). In this section, data from previous studies of factors 
influencing lipid oxidation in mayonnaise, from intrinsic to extrinsic, will be presented in order 
to highlight not only the most important factors affecting lipid oxidation in mayonnaise, but 
also to provide a general view of ways to lessen these factors and control lipid oxidation in 
mayonnaise.  
2.3.1 Metals 
The presence of even small amounts of transition metals in mayonnaise can accelerate 
oxidation by decreasing the induction period of the oil and making it more susceptible to 
oxidation. Iron and copper are known initiators of lipid oxidation. Mayonnaise is an acidic 
product; during manufacturing and packaging, it contacts utensils and machinery. The acid of 
mayonnaise dissolves the iron from a tin-lined tank and may become contaminated with metals, 
which accelerate rancidity and shorten the shelf life of the finished product (Epstein, 1929b; 
Reynolds, 1927). Epstein (1929a) pointed out that the presence of metals in mayonnaise 
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products not only causes rancidity but also it decreases nutritional value of ingredients present 
in the product. However, with proper care and precautions it is possible to lessen the risk of 
contamination of products, for instance, using stainless steel. 
2.3.2 Temperature 
We know from lipid oxidation theory that high temperature increases lipid oxidation (E. 
Frankel, 1998). Findings from experiments with mayonnaise have shown the increase in 
oxidation at higher temperatures, which are in agreement with lipid oxidation theory. A study 
investigating the effect of temperature on the oxidation of fish oil mayonnaise, showed that 
fish oil mayonnaise is more stable at refrigerator temperatures (2 °C) than at higher 
temperatures (30 °C) (Hsieh & Regenstein, 1991). In addition, a study on the oxidative stability 
of cholesterol in commercial mayonnaise demonstrated that temperature and time are important 
factors in oxidation of cholesterol in mayonnaise. They proposed that total formation of 
cholesterol oxides during 165 days was 20.3 µg/g at 4 °C and 30.2 µg/g at 25 °C. Hence, 
decreasing storage temperature could be a good way of supressing the oxidation of cholesterol 
in mayonnaise (Morales-Aizpurúa & Tenuta-Filho, 2005). Based on another study, light 
mayonnaise (40% oil), even those without fish oil, cannot be stored at 20 °C for 4 months 
because of significant lipid oxidation (Sørensen, Nielsen, Hyldig, & Jacobsen, 2010). 
Consistent with previous studies, higher totox values (indicate an oil’s overall oxidation state) 
and peroxide values were recorded for mayonnaises stored at 25 °C compared with samples 
stored at 4 °C (Li et al., 2014). 
2.3.3 Light  
Lipid oxidation caused by light exposure can be due to either photolytic auto-oxidation or 
photosensitized oxidation. Photolytic auto-oxidation occurs when lipids are exposed to 
ultraviolet radiation and consequently, free radicals are produced. On the other hand, in the 
presence of photosensitisers and visible light, unsaturated fatty acids undergo photosensitised 
oxidation. Natural pigments present in foods, such as riboflavin and chlorophylls, are known 
to be efficient photosensitisers due to their conjugated double-bond system (Bradley & Min, 
1992). Light, with a wavelength of 365 nm, promotes the oxidation of unsaturated fats due to 
photosensitised photosynthesised oxidation but light of wavelengths above 470 nm has no 
effect. Hence, it is important to protect mayonnaise from wavelengths shorter than 470 nm 
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(Lennersten & Lingnert, 2000). The visible light in the blue range also increases oxidation in 
mayonnaise. Considering lights used in supermarkets (significant source of light at 365 nm and 
in the 410-450 nm range) avoiding intensive lighting can help preserv the fresh taste of 
mayonnaise (Lagunes‐Galvez, Cuvelier, Ordonnaud, & Berset, 2002). 
2.3.4 Packaging 
In addition to processing, mayonnaise quality during storage depends on the chosen packaging 
material. Some substances used in these materials may migrate to the food matrices and cause 
off-flavours. In some cases, gas may permeate the packaging material and cause oxidation of 
mayonnaise. Producers choose packaging materials based on several factors (e.g. the costs of 
material, shelf life of the product and the convenience to the user). Usually manufacturers use 
glass or polyethylene plastics. Glass is a greater barrier against oxygen than many plastics, so 
it can provide better protection against oxidation of the mayonnaise (Buquet, 1979). Polyester 
materials such as PET (polyethylene terephtalate) and PEN (polyethylene naphtalate) are also 
popular in mayonnaise packaging. They have the benefits of glass like lightness, breakability 
and transparency. However, producers should consider light transmission properties of 
packaging material in choosing the right packaging material. The polyester materials (PET, 
PEN and PET/PEN) filter out the ultraviolet radiation to different degrees (PEN and PET/PEN 
> PET) and thereby protect mayonnaise against lipid oxidation, but not against colour changes 
(Lennersten & Lingnert, 2000). The incorporation of Amosorb as an oxygen scavenger in PET 
greatly improves the oxidative stability of mayonnaise (Sensidoni, Leonardi, Possamai, 
Tamagnone, & Peressini, 2004). Other types of packaging, such as Tetra Brik, reduce 
mayonnaise oxidation and extend shelf life of mayonnaise by protecting it from air and light 
(Berasategui, 2001). In addition to packaging materials, other factors like type and size of 
packaging may affect shelf life of mayonnaise. Studies showed that type of package (jar or 
pouch) do not have an effect on changes during storage time while package size influence 
aroma of mayonnaise (Martinez, Mucci, Cruz, Hough, & Sanchez, 1998). Reducing oxygen 
concentration (minimizing headspace in the container or packaging under vacuum or nitrogen) 
can reduce the oxidation rate in mayonnaise (Hsieh, 1990; Hsieh & Regenstein, 1991). 
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2.3.5 pH 
The pH of mayonnaise ranges from 3.6 to 4.0 (Krishnamurthy & Witte, 1996). The highest 
viscoelasticity and stability of mayonnaise is achieved when the pH is close to the isoelectric 
point of the egg yolk because of the minimum charge on the proteins (Depree & Savage, 2001). 
However, decreasing pH from neutral to around four can have a strong pro-oxidant effect on 
mayonnaise by breaking bridges between the egg yolk proteins (low-density lipoproteins, 
lipovitellin, and phosvitin) and iron. Subsequently, iron releases from the egg yolk and 
becomes more accessible as oxidation initiator (Jacobsen, Adler-Nissen, & Meyer, 1999; 
Jacobsen, Hartvigsen, Lund, et al., 2001). In addition to having pro-oxidant activity, the 
distribution of the volatile compounds (secondary products of oxidation) is dependent on pH. 
For example, at pH 4, carbonyl compounds (propanal) can easily migrate from the liquid phase 
to gas phase because of weak interactions between the proteineous emulsifier under acidic 
conditions, so the stability of the mayonnaise flavour could be totally different from oxidative 
stability (Takai, Endo, Okuzaki, & Fujimoto, 2003).  
2.3.6 Chemical structure of lipids 
Susceptibility of a lipid molecule to oxidation is determined by its chemical structure the 
number and location of the double bonds (McClements & Decker, 2000). Saturated lipids are 
more stable to lipid oxidation than unsaturated lipids. One of the ways of retarding oxidation 
could be to use saturated lipids but in practice, it is not possible because different types of lipid 
in mayonnaise can provide special physical and sensory characteristics that cannot be obtained 
using saturated lipids. Incorporating lipids that contain polyunsaturated fatty acids into 
mayonnaise can improve consumers’ health, but these are less stable because of their double 
bonds. Surprisingly, from the studies on fish oil enriched mayonnaise, we can see that this 
mayonnaise does not oxidise faster or more than mayonnaises without fish oil. However, 
development of unpleasant off-odours and off-flavours in fish oil enriched mayonnaise is much 
faster than for mayonnaise without fish oil (Bragadóttir, Þorkelsdóttir, Klonowski, & 
Gunnlaugsdóttir, 2006; Jacobsen, Hartvigsen, Lund, Meyer, Adler-Nissen, Holstborg, & 
Hølmer, 1999) Off-flavour in fish oil enriched mayonnaise may be caused by specific volatile 
compounds with low sensory threshold values that stem from the oxidation of eicosapentaenoic 
acid (EPA) and docosahexaenoic acid (DHA) (Sørensen, Nielsen, Hyldig, et al., 2010). 
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 Recently the interest in using structured lipids for nutritional applications has increased. Three 
different lipids based on sunflower oil such as: traditional sun flower oil (SO), specific 
structured lipid from sunflower oil and caprylic acid (SL), and chemically randomized lipid 
(RL) were used in mayonnaise and their oxidative stability was studied (Jacobsen, Xu, Skall 
Nielsen, & Timm‐Heinrich, 2003). Mayonnaise produced with SL had the least oxidative 
stability among the three. The low oxidative stability of mayonnaise based on SL could be due 
to several factors, but the most influential were the structure of the lipid, the lower tocopherol 
content and the higher initial levels of lipid hydroperoxides and secondary volatile oxidation 
compounds in the SL itself compared with the RL and traditional sunflower oil employed. 
Although the oxidative stability of mayonnaise was totally dependent on the lipid type, the 
rheological properties of the mayonnaise was influenced by the structure of the lipid (Jacobsen 
et al., 2003). Taken together, obtaining a good quality mayonnaise enriched with SL, the 
process of purifying and producing SL based on sunflower oil should be improved. In addition, 
structured lipids based on fish oil were incorporated in mayonnaise and their oxidative stability 
was studied (Timm-Heinrich, Xu, Nielsen, & Jacobsen, 2004). The oxidative stability of 
mayonnaise was significantly dependant on lipid type. The mayonnaise based on specific 
structured lipid showed the least oxidative stability and these results were in good agreement 
with a previous study on structured lipid based on sunflower oil (Jacobsen et al., 2003). 
 Using two different types of oil in mayonnaise can change the oxidative stability of 
mayonnaise. For instance, mayonnaise made with mixed saturated medium triglyceride and 
unsaturated linseed oil was less prone to oxidation than mayonnaise made with unsaturated 
linseed oil (Raudsepp, Brüggemann, Lenferink, Otto, & Andersen, 2014). It can be assumed 
that mixed saturated medium triglyceride decreased the oxidation of unsaturated linseed oil 
droplets, but the oxidative stabilization of mixed oil mayonnaise was not just due to diluting 
unsaturated triglycerides with saturated triglycerides. Further studies are needed to identify 
these effects.  
2.3.7 Oil concentration 
The food industry is trying to develop healthier products such as low-fat formulations in 
response to advice from consumers. Low fat mayonnaise is expected to have a lower rate of 
oxidation than whole mayonnaise (Abu-Salem & Abou-Arab, 2008) but there are some 
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contradicting results about the effect of reduced fat content on lipid oxidation of mayonnaise. 
In a study on mayonnaise with 63% oil and mayonnaise based salad with lower amount of oil 
(24%), it was found that the mayonnaise with more oil was more oxidatively stable than 
mayonnaise with less oil (Sørensen, Nielsen, & Jacobsen, 2010). Moreover, fish oil enriched 
mayonnaise used in this study had a greater oxidative stability compared to other fish oil 
enriched mayonnaises in other studies. Sørensen, Nielsen, and Jacobsen (2010) referred this 
higher oxidative stability to a combination of lower total oil content (63%), lower fish oil 
content (6.3%) and low storage temperature (2 °C). In another study, light mayonnaise (40%) 
oxidized at the same rate as a full fat mayonnaise (80%) but faster than (63%) mayonnaise 
(Sørensen, Nielsen, Hyldig, et al., 2010). Therefore, it is likely that factors other than the oil 
content affect the oxidation rate in light mayonnaises, and further investigations should be done 
to resolve this issue. 
2.3.8 Type of emulsifier 
In mayonnaise, oil droplets are surrounded by a membrane of emulsifier molecules that 
provides physical stability of the emulsion and oxidative stability by acting as a barrier against 
pro-oxidants such as metals and free radicals. Hence, the effect of emulsifier on the oxidative 
stability of mayonnaise is important.  
Mayonnaise is traditionally made from egg yolk, which plays the role of emulsifying agent. 
Besides egg yolk, several emulsifiers have been used in mayonnaise and their oxidative 
stability has been studied. Lecithin from different oil sources (sunflower, corn germ and 
soybean) as well as their modified forms (lecithin-soybean protein isolate and alcohol soluble 
fraction) were used in low calorie mayonnaise (Magda, Mostafa, El-Deep, & Kishk, 2003). 
Mayonnaise made with whole egg was the most sensitive to oxidation while soluble lecithin 
fractions were the best emulsifiers during storage period (in terms of oxidative stability). It can 
be concluded that the use of modified lecithins can improve the oxidative stability of low 
calorie mayonnaise (Magda et al., 2003). On the other hand, a study on oxidative stability of 
mayonnaise-like emulsions containing salmon oil emulsified with soymilk and whole egg 
showed that the emulsion prepared with whole egg was more stable to oxidation than the 
mayonnaise made with soymilk (Takai et al., 2003). Soymilk and whole egg have a variety of 
proteins so the protein structures in the emulsion might influence the form and size of lipid 
droplets. Additionally, electric charge differs between whole egg and soymilk. Moreover, 
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phospholipids might act as antioxidants and increase oxidative stability of emulsions 
containing whole egg. Some studies on fish oil enriched mayonnaise suggested the pro-oxidant 
effect of iron from egg yolk used as emulsifier at low pH (Jacobsen, Timm, & Meyer, 2001). 
Based on these findings Sørensen, Nielsen, Hyldig, et al. (2010) decided to investigate the 
influence of substituting egg yolk as an emulsifier with an emulsifier with a lower iron content 
such as milk protein on oxidative stability of fish oil enriched mayonnaise. Surprisingly 
replacing egg yolk with a lower iron-containing emulsifier did not enhance the oxidative 
stability of fish oil enriched mayonnaises. Even though the mayonnaise with milk protein as 
emulsifier was more viscous and probably had a multilayer or a cationic surface around the oil, 
the peroxide value of it was 100-fold higher than the peroxide value of mayonnaise with egg 
yolk. From the results of this study, Sørensen, Nielsen, Hyldig, et al. (2010) suggested that the 
initial quality of emulsifier is even more important than its iron content.  
2.3.9 The influence of ingredients 
Mayonnaise is composed of an array of components in the aqueous phase and at the oil-water 
interface, such as NaCl, sugar, lemon juice and vinegar, that can affect lipid oxidation 
processes. Some of these ingredients contain low concentrations of Fe and Cu (Jacobsen, 
Hartvigsen, Lund, Thomsen, et al., 2000) but egg yolk, a traditional emulsifier in mayonnaise, 
is a major source of iron and contains >720 µM iron, but only ~17 µM copper. The iron in the 
egg yolk is bound to the protein phosvitin (Causeret, Matringe, & Lorient, 1991). Mayonnaise 
has a low pH and at this pH, the iron bridges between phosvitin, lipovitelin and low-density 
lipoprotein (LDL) break and cause the release of iron. Ascorbic acid is able to reduce Fe3+ to 
Fe2+, which is more active as an oxidation catalyst than Fe3+ (Jacobsen, Adler-Nissen, et al., 
1999; Jacobsen, Timm, et al., 2001). This phenomenon can happen even when Fe3+ is bound to 
phosvitin as indicated in Figure 2-2 (equilibrium 3).  
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Figure 2-2. Proposed mechanism for the release of Iron by Ascorbic Acid. Adapted from (Jacobsen, Adler-Nissen, 
et al., 1999). 
Accessible iron either at the oil/water interface (as with low pH) or in the aqueous phase (as 
with the presence of ascorbic acid) catalyses the breakdown of hydroperoxides (LOOH) to 
secondary oxidation products (LOOH + Fe2+ → LO∙ + OH- + Fe3+) that make rancid and fishy 
off-flavours (Jacobsen, Adler-Nissen, et al., 1999). Lemon juice in the aqueous phase of 
mayonnaise promotes radical formation. This could be because of the presence of ascorbic acid 
in lemon juice. As mentioned above ascorbic acid in mayonnaise acts as a pro-oxidant because 
it can form a complex between iron and ascorbate, which breaks lipid hydroperoxides at the 
oil-water interface (Hsieh, 1990; Jacobsen, Adler-Nissen, et al., 1999). Vinegar is one of the 
mayonnaise ingredients that act as pro-oxidant because of its ability to reduce the pH and 
subsequently increase the release of iron from egg yolk (M. Thomsen, C. Jacobsen, & L. 
Skibsted, 2000). Salt has an important role to play. It contributes to the flavour of mayonnaise 
and can promote the stability of the emulsion. In addition, salt can influence the rate of auto-
oxidation. The effect of three types of salt: NaCl, mineral salt (65% NaCl, 25% KCl and 10% 
MgSO4.6H2O) and Morton Lite salt (50% NaCl, 50% KCl) showed that NaCl and mineral salt 
increased the oxidation of mayonnaise in the absence of antioxidant while Morton Lite salt did 
not (Lahtinen & Ndabikunze, 1990). However, antioxidant neutralized their effect but 85% 
NaCl still increased the oxidation level. On the other hand, Thomsen et al. (2000) indicated 
that neither NaCl nor sugar induce the formation of radicals in freshly produced mayonnaise. 
Ostrich eggs are a good source of protein, total lipids, carbohydrates, calcium, phosphorus, 
potassium, sodium and zinc. Interestingly, a study showed that mayonnaise made from ostrich 
eggs was more oxidatively stable than that made from chicken eggs (Abu-Salem & Abou-Arab, 
2008). Also, in that study they found out that by pasteurization of mayonnaise made either with 
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ostrich eggs or with chicken eggs, we can increase oxidative stability of mayonnaise. 
Pasteurization is likely to stabilise the egg by inactivating pro-oxidation and oxidation factors 
and oxidation mediating enzymes.  
2.3.10 Physical structure of mayonnaise 
Contact between iron and oil in water emulsion droplet surface promotes metal catalysed 
oxidation. Therefore, it could be assumed that the size of the total surface area of the oil droplet 
influences the rate of oxidation. For this reason, a study investigated the influence of oil droplet 
size on oxidative stability of mayonnaise (Jacobsen, Hartvigsen, Lund, Thomsen, et al., 2000). 
They found out that kinetics of the initiation and propagation of oxidation process in 
mayonnaise is greatly affected by oil droplet size. Mayonnaise with larger droplets developed 
fishy and rancid off-flavour slower and later than mayonnaise with smaller droplets in the 
initial stage of the storage period. These findings show that the initial oxidation of mayonnaise 
is dependent on interfacial area and support the hypothesis that lipid oxidation is initiated at 
the oil/water interface. However, the propagation of oxidation is less dependent on interfacial 
area. Moreover, the droplet size also influences the rheological properties of mayonnaise. It 
has been proposed that one way of retarding oxidation in oil in water emulsion could be 
reducing the diffusion rate of oxidation by increasing the viscosity of the aqueous phase (Sims, 
Fioriti, & Trumbetas, 1979). Although higher viscosity generally decreases the rate of 
oxidation by reducing the diffusion rate of pro-oxidants, in the case of mayonnaise, higher 
viscosity increased the oxidation rate due to a smaller average particle size. Therefore, it seems 
that particle size plays a greater role than viscosity in oxidation processes in mayonnaise. 
Mayonnaise with small droplet size is more physically stable. To meet the needs of food 
manufacturers for having both physically and oxidative stable mayonnaise, optimal 
combination of processing conditions and emulsifiers should be adopted (Jacobsen, 
Hartvigsen, Lund, Thomsen, et al., 2000).   
 Retarding lipid oxidation in mayonnaise 
Eliminating possible factors, which will reduce the induction period and hasten rancidity, can 
increase the shelf life of mayonnaise. Some of the means of retarding lipid oxidation is reducing 
oxygen concentration in food (by packing under vacuum or nitrogen and using packaging 
materials with good oxygen barrier properties) (Coupland & McClements, 1996) and lowering 
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the storage temperature. For example, exclusion of oxygen by using nitrogen can retard lipid 
oxidation more than addition of tertbutyl hydroquinone (TBHQ) (0.02%) to mayonnaise 
produced with fish oil (70%) (Hsieh & Regenstein, 1991). However, exclusion of oxygen in a 
used food product is difficult so one of the most effective means of retarding lipid oxidation in 
mayonnaise is to incorporate antioxidants. Several studies have been carried out on the effect 
of synthetic and natural antioxidants in mayonnaise. Table 2-1 presents collated summary on 
the use of  natural and synthetic antioxidants in mayonnaise. 
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Table 2-1. Summary of the use of natural and synthetic antioxidants in mayonnaise 
Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Fish oil mayonnaise (70%) TBHQ (0.02%) 
There were few signs of oxidation in the 
deodorized and stabilized fish oil mayonnaise 
at 2 °C and 14 weeks of storage. 
(Hsieh, 1990) 
Fish oil mayonnaise (70%) 
TBHQ (0.08%) 
Ascorbic Acid (0.5%) 
TBHQ was a successful antioxidant for fish oil 
mayonnaise while ascorbic acid had pro-
oxidant effect in fish oil mayonnaise 
 (Hsieh & Regenstein, 
1991) 
Soy oil mayonnaise (790 g/kg 
soy oil) 
Glucose oxidase (GOX) (450 
units per kg (U/kg), 200 
U/kg) 
450 U/Kg of GOX could retard rancid taste, 
off-flavour and off-odour developments in 
mayonnaise stored in dark at 20 °C for 8 
months, whereas 200 U/Kg of GOX could not 
prevent deterioration of the organoleptic 
quality. 
 (Skrede, RØtbotten, & 
Baardseth, 1991) 
Fish oil mayonnaise 
Soy oil mayonnaise  
Corn oil mayonnaise 
TBHQ (0.08%) 
In fish oil mayonnaise TBHQ was effective at 
early storage times in lengthening the period 
before oxidation was initiated. 
 (Hsieh & Regenstein, 
1992) 
Fish oil mayonnaise (menhaden 
and capelin oils, 100% fish oil) 
Propyl gallate, citric acid, 
EDTA, BHT, BHA, ascorbic 
acid, 
carboxymethylcellulose, 
sodium tripolyphosphate, 
lecithin, superoxide 
dismutase, catalase, and 
GOX/CAT. 
 
GOX/CAT had a significant effect on 
reduction of the development of off-odour 
when mayonnaise was stored at refrigerator 
temperature, but at room temperature, the 
enzymes were not effective. 
Citric acid or sodium citrate and propyl gallate 
in the oil phase and EDTA and ascorbic acid in 
the aqueous phase 
increased the shelf life to an average of 49 days 
at room temperature 
 (Jafar, Hultin, Bimbo, 
Crowther, & Barlow, 
1994) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Fish oil mayonnaise (16% fish 
oil) 
Antioxidant system: ascorbic 
acid, lecithin and gamma 
tocopherol (A/L/T) (4 g/kg 
mayonnaise) 
Addition of A/L/T system resulted in strong 
fishy and rancid off-flavours of mayonnaise 
despite low peroxide and anisidine values. 
 (Meyer & Jacobsen, 
1996) 
Fish oil mayonnaise (0, 0.25 and 
0.50 of the vegetable oil was 
substituted by fish oil 
corresponding to contents of 0, 
200 and 400 g/kg) 
Soybean oil mayonnaise 
Glucose oxidase/catalase 
(GOX/CAT) (0, 400 and 800 
units/kg) 
The enzyme system of GOX/CAT could 
reduce lipid oxidation in mayonnaise both 
sored at 25 °C and 5 °C in soybean oil and fish 
oil mayonnaise. 
 (Isaksen & Adler-
Nissen, 1997) 
Fish oil mayonnaise (16% fish 
oil) 
Propyl gallate, oil-soluble 
(Grindox 370) and Propyl 
gallate, water dispersible 
(Grindox 413) 
propyl gallate was a weak pro-oxidant. 
(Jacobsen, Hartvigsen, 
Lund, Meyer, Adler-
Nissen, Holstborg, & 
Hølmer, 1999)  
Fish oil mayonnaise (16% fish 
oil) 
ascorbic acid (0-800 mg/kg) 
Ascorbic acid increased the formation of fishy 
off-flavours in fresh mayonnaise. 
 (Jacobsen, Adler-
Nissen, et al., 1999) 
Fish oil mayonnaise (16% fish 
oil) 
α-, β-, and γ-tocopherol and 
six polar antioxidants 
(trolox, ferulic acid, caffeic 
acid, propyl gallate, gallic 
acid, and catechin) 
Antioxidants partitioned in accordance with 
their chemical structure and polarity. 
 (Jacobsen, Schwarz, 
Stöckmann, Meyer, & 
Adler-Nissen, 1999) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Fish oil mayonnaise (16% fish 
oil) 
A/L/T, and two commercial 
mixtures of tocopherol, an 
oil-soluble (Toco 70) 
preparation and a water-
soluble (Grindox 1032) 
preparation 
Addition of A/L/T system caused the 
immediate formation of distinct fishy and 
rancid off-flavours in the fresh mayonnaises 
Addition of Toco 70 did not affect the sensory 
perception of mayonnaise nor the development 
of volatile off-flavour compounds, but the 
peroxide values were slightly increased as 
compared to the other mayonnaises. 
Mayonnaise with Grindox 1032 seemed to 
have fewer fishy and rancid off-flavours than 
mayonnaises without antioxidant. 
 (Jacobsen, Adler-
Nissen, et al., 2000) 
Fish oil mayonnaise (16% fish 
oil) 
EDTA (0, 50, 75, 125, and 
200 mg/g) 
EDTA (down to 50 mg/g) efficiently delayed 
oxidation in fish oil enriched mayonnaise. 
 (M. Thomsen et al., 
2000) 
Fish oil mayonnaise (16% fish 
oil) 
EDTA (0 and 75 mg/kg) 
A significant antioxidative effect of EDTA for 
lipid samples from mayonnaise was noted. 
(M. K. Thomsen, C. 
Jacobsen, & L. H. 
Skibsted, 2000) 
Fish oil mayonnaise (16% fish 
oil) 
Water-dispersible tocopherol 
preparation, Grindox 1032 
(20–280 mg/kg) 
Oil-soluble tocopherol 
preparation, Toco 70 (20–
280 mg/kg) 
Addition of tocopherol to a mayonnaise that 
already contained tocopherol (600 μg/g) either 
had no effect or increased oxidation. 
 (Jacobsen, Hartvigsen, 
Lund, et al., 2001) 
Fish oil mayonnaise (16% fish 
oil) 
Ascorbic acid (0-4000 
mg/kg) 
Ascorbic acid promoted formation of volatile 
oxidation compounds and reduced the peroxide 
value in mayonnaises. 
(Jacobsen, Timm, et al., 
2001) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Fish oil mayonnaise (16% fish 
oil) 
Gallic acid (200 mg/kg) 
EDTA (200 mg/kg) 
EDTA was an efficient antioxidant in fish oil 
enriched mayonnaise but gallic acid was a poor 
antioxidant. 
(Jacobsen, Hartvigsen, 
Thomsen, et al., 2001) 
Dijon mayonnaise 
EDTA (0.004%) 
Rosemary extracts (0.03%) 
Mustard (5%) 
Addition of antioxidant (rosemary extract and 
EDTA) decreased the level of photooxidative 
volatiles in the headspace. 
In the absence of mustard, the oxidative 
degradation was somewhat faster and the 
amount of conjugated dienes was increased 
more quickly and to a higher degree than that 
in the mustard-containing sample. 
(Lagunes‐Galvez, 
Cuvelier, Odonnaud, & 
Berset, 2002) 
Mayonnaise based on specific 
structured lipid (SL) from 
sunflower oil and caprylic acid  
lactoferrin, (800 mg/kg ~ 10 
μM) 
Propyl gallate, (200 mg/kg) 
EDTA, (75 mg/kg) 
EDTA was a strong antioxidant, while propyl 
gallate and lactoferrin did not exert any 
antioxidative effect in the SL mayonnaise 
 (Jacobsen et al., 2003) 
Mayonnaise 
TBHQ (200 mg/kg) 
BHT (200 mg/kg) 
Fenugreek extract (FE) (500, 
1000, 1500 mg/kg) 
FE at 500 mg/kg in mayonnaise was as 
effective in decreasing lipid oxidation as 
TBHQ and more effective than BHT at their 
permitted level (200 mg/kg). 
 (Mostafa, 2003) 
Fish oil mayonnaise (16% fish 
oil, 64% rapeseed oil, 80% fat) 
Lactoferrin (8-32 µM), 
Phytic acid (16-124 µM) 
EDTA (16-64 µM) 
The antioxidative effect of EDTA was much 
more pronounced than the effect of lactoferrin 
and, especially, phytic acid in mayonnaise. 
 (Nielsen, Petersen, 
Meyer, Timm-Heinrich, 
& Jacobsen, 2004) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Fish oil-enriched mayonnaise-
based salads (shrimp and tuna 
salads) 
Oregano (1%) 
Rosemary (1%) 
Thyme (1%) 
 
In fish oil-enriched shrimp salad, asparagus 
had an anti-oxidative effect and shrimp a pro-
oxidative effect. 
The addition of spices increased the oxidative 
stability of tuna salad 
(oregano>rosemary>thyme). 
 (Sørensen, Nielsen, & 
Jacobsen, 2010) 
Fish oil mayonnaise 
Black glutinous rice flour 
(500 mg/kg and 1000 mg/kg 
(oil weight basis)) 
The addition of dried black glutinous rice crude 
extract at 500 and 1000 mg/kg (oil weight 
basis) could retard an increase in conjugated 
diene hydroperoxides and thiobarbituric acid 
reactive substances (TBARS) 
 
(Tananuwong & 
Tewaruth, 2010) 
Mayonnaise (rapeseed oil, 74% 
fat) 
Lycopene crystals (50 
mg/kg) 
Lycopene slowed the development of off-
flavour, off-odour, and colour changes in 
lycopene-added butter, ice cream, and 
mayonnaise during storage as it interrupts the 
chain of free radicals involved in auto-
oxidation 
 (Kaur, Wani, Singh, & 
Sogi, 2011) 
Mayonnaise and salad dressing 
(olive oil 50% and 25%) 
Natural spices and herbs 
such as parsley, ground black 
pepper, basil and hot 
paprika) and their extracts 
Natural spices and herbs were replaced with 
their extracts. Pure olive oil, mayonnaise and 
salad dressing containing extracts had better 
microbiology and oxidative quality. Also, 
sensory properties of mayonnaise with extracts 
showed that it had the highest score of the 
degree of liking.  
 (Slavchev, Nikovska, & 
Nenov, 2012) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Rice bran oil mayonnaise 
Oryzanol 
Squalene 
Tocopherols 
Tocotrienols 
Incorporation of Rice bran oil provides 
oryzanol (0.8g/100g oil), tocopherol, 
tocotrienol, squalene which enhances the 
stability along with providing balanced fatty 
acid composition to the mayonnaise. 
 (Das, Bhattacharya, 
Kar, Ghosh, & 
Bhattacharyya, 2013) 
Mayonnaise (corn oil) 
Ginger powder (GP) (0% - 
1.25%) 
The addition of GP at concentrations 1.0% and 
1.25% could improve oxidative stability of 
mayonnaise. After 20 weeks, the values of 
peroxide, anisidine, acid and totox for 
mayonnaise prepared using 1.0% and 1.25% 
GP were significantly lower compared to the 
control. 
 (Kishk & Elsheshetawy, 
2013) 
Mayonnaise (rapeseed oil) 
Grape seed extract (GSE) (0 
mg GSE per ml, 0.5 mg GSE 
per ml (~0.050%), 0.9 mg 
GSE per ml (~0.10%) and 
1.4 mg GSE per ml 
(~0.15%)) 
The oxidative stability of the mayonnaises 
enriched with GSE was slightly improved 
through storage. 
 (Altunkaya et al., 2013) 
Mayonnaise (corn oil 70%) 
Juice of basil leaves (0.5%, 
1.0% and 1.5%) 
BHT (0.01%) 
Addition of (1.0% and 1.5%) juice of basil 
leaves could reduce the oxidation process of 
mayonnaise during 12 weeks.  
 (Abou-Zaid, 
Abdelahafez, & Amer, 
2015) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Mayonnaise (sunflower oil, 68% 
fat) 
Essential oils (EOs) 
(0.015%, 0.03% and 
0.045%) extracted from 
Zenyan by Ohmic assisted 
hydro distillation and 
conventional hydro 
distillation methods 
BHA 
BHT 
All concentrations of Zenyan EOs were 
suitable antioxidants but synthetic antioxidants 
like: BHA and BHT could be replaced by 
higher concentrations of Zenyan EOs. 
(Gavahian, Hashemi, 
Khaneghah, & Mazaheri 
Tehrani, 2013) 
Mayonnaise (Soybean oil, 63% 
fat) 
Yellow powder mustard 
(0%, 0.01%, 0.02%, 0.03%, 
0.04%, 0.05% and 1%,) 
Paste mustard (0%, 0.75%, 
1%, 1.25% and 1.5%) 
 
Powder mustard increased oxidative stability 
but caused undesired changes in colour and 
flavour of mayonnaise for this reason they 
substituted powder mustard with paste mustard 
so undesired changes in colour and flavour of 
the sauce were removed to some extent. 
(Milani, Mizani, 
Ghavami, & 
Eshratabadi, 2013) 
Mayonnaise 
Chitosan with higher 
molecular weight (MW=310 
kDa and DD=77.7%) (100 
mg/kg) 
Chitosan with lower 
molecular weight (MW=123 
kDa and DD=83.2%) (100 
mg/kg) 
EDTA (75 mg/kg) 
Addition of chitosan slowed down the lipid 
oxidation process of mayonnaises. 
Chitosan with bigger molecular weight showed 
better stability during accelerated storage at all 
temperatures. It has been observed that 
addition of chitosan slowed 
down the lipid oxidation process of 
mayonnaises during 63 days of accelerated 
storage. 
(García, Silva, & 
Casariego, 2014)  
Mayonnaise (soy oil) 
Tocopherol (450 mg/kg) 
TBHQ (150 mg/kg) 
Tocopherol limited hydroperoxide formation 
effectively. 
 (Shahin, Nayebzadeh, 
Alizadeh, & 
Mohammadi, 2014) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Mayonnaise Tansy extracts (1%) 
Tansy extracts increased oxidative stability of 
mayonnaise. 
 (Baranauskienė, 
Kazernavičiūtė, 
Pukalskienė, 
Maždžierienė, & 
Venskutonis, 2014) 
Mayonnaise (Soybean oil 85% 
fat) 
Anthocyanin-rich purple 
corn husk extract (PCHE) 
(anthocyanin concentrations 
of 0.1, 0.2, and 0.4 g/kg 
mayonnaise) 
BHT (0.2 g/kg mayonnaise) 
EDTA (0.075 g/kg 
mayonnaise) 
The antioxidative effect of the mayonnaise 
containing PCHE was higher than that of 
mayonnaise with chemical antioxidants BHT 
and EDTA as positive control. 
The strongest antioxidative performance was in 
mayonnaise containing 0.4 g/kg PCHE. 
(Li et al., 2014) 
Fish oil mayonnaise (16% fish 
oil) 
Caffeic acid and lipophilised 
derivatives of caffeic acid 
(caffeates): 
Methyl caffeate (100µM) 
Butyl caffeate (100µM) 
Octyl caffeate (100, 200 µM) 
Dodecyl caffeate (100µM) 
Octadecyl caffeate (100µM) 
Caffeic acid esterified with fatty alcohols of 
different chain lengths (C1–C20) were better 
antioxidants than the original phenolic 
compound. 
Fish oil enriched mayonnaise (stored for 4 
weeks at 20 °C) with caffeates of medium alkyl 
chain length (butyl, octyl and dodecyl) added 
resulted in a better oxidative stability than 
caffeates with shorter (methyl) or longer 
(octadecyl) alkyl chains. 
For peroxide value of mayonnaises, the shorter 
lag phase (3 days) was in samples without 
antioxidant and octyl caffeate at 200 µM and 
the longest lag phase (9 days) was seen in 
samples containing butyl caffeate and 
octadecyl caffeate 
 (Alemán et al., 2015) 
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Product 
Antioxidant/pro-oxidant 
(Concentration) 
Results Reference 
Mayonnaise 
Sesame sprouts (0.5%, 
0.75%, 1.0% and 1.25%) 
EDTA (0.0075%) 
BHT (0.02%) 
Sesame sprouts powder retarded oxidation 
during 45 days (at 25±5 °C) in mayonnaise but 
did not have good sensory perception. 
 (Shabbir et al., 2015) 
Mayonnaise (Soybean oil 74% 
fat) 
Eugenol-lean fraction 
isolated from clove buds 
(Syzygium aromaticum 
Linn) (0.42 %) 
Mayonnaise formulated with eugenol-lean 
clove extract had significantly higher 
antioxidant activity than mustard mayonnaise. 
The antioxidant activity and phytochemical 
properties tend to decrease after 30 days for the 
reference market sample and after 90 days for 
the experimental control sample while the 
mayonnaise formulated with eugenol-lean 
clove extract was found to be stable beyond 6 
months. 
 (Chatterjee & 
Bhattacharjee, 2015) 
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2.4.1 Synthetic antioxidants used in mayonnaise 
According to the codex standard (JECFA, 2006) for mayonnaise, utilizing of some chemical 
antioxidants at defined concentration is permitted. Synthetic antioxidants such as BHT, BHA, TBHQ 
and EDTA have been used in food industry to prevent the oxidation of fat in food. Although these 
products are more economical than natural antioxidants, they get a negative impression for being a 
synthetic product. Among the synthetic antioxidants, BHA and BHT are widely used in food industry 
(Sanhueza, Nieto, & Valenzuela, 2000).  
2.4.1.1 TBHQ 
Tert-butylhydroquinon (TBHQ) is a popular synthetic antioxidant. It is a phenolic compound and a 
polar antioxidant (Belitz, Grosch, & Schieberle, 2009) The maximum level of allowed TBHQ in the 
finished product is 120 mg/kg according to Codex Alimentarius. It was a successful antioxidant for 
deodorized and stabilized fish oil mayonnaise stored at 2 °C for 14 weeks (Hsieh, 1990; Hsieh & 
Regenstein, 1991). In addition, TBHQ was effective at early storage times in lengthening the 
induction time (Hsieh & Regenstein, 1992).  
2.4.1.2 EDTA 
Ethylene diaminotetraacetic acid (EDTA) is a synthetic antioxidant. It was the first widely used 
chelating agent. EDTA, together with ascorbic acid, propyl gallate, and citric acid, efficiently 
inhibited off-odor development in mayonnaise based on 100% fish oil (Jafar et al., 1994). EDTA can 
chelate free iron as well as phosvitin-bound iron in egg yolk at the oil-water interface (M. Thomsen 
et al., 2000). Therefore, iron ions are unable to catalyse lipid hydroperoxide decomposition to 
products that decompose further to off-flavour volatiles. EDTA has been found to prevent peroxide 
formation (M. Thomsen et al., 2000) also it has the ability to inhibit formation of heptadienal better 
than hexanal (Jacobsen, Hartvigsen, Thomsen, et al., 2001) and it can efficiently prevent off-flavours 
in mayonnaise. From all studies on the effect of EDTA on oxidation in mayonnaise we can conclude 
that it is an efficient antioxidant in mayonnaise (Jacobsen, Hartvigsen, Thomsen, et al., 2001; 
Jacobsen et al., 2003; Nielsen et al., 2004; M. Thomsen et al., 2000; M. K. Thomsen et al., 2000). 
As mentioned above EDTA prevented formation of heptadienal better than hexanal, this difference 
is due to the different origin of these volatiles (Jacobsen et al., 2008). Heptadienal is formed from n-
3 fatty acids (n-3 peroxides) and are more polar than hexanal that is formed from n-6 fatty acids (n-6 
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peroxides). Therefore, n-3 peroxides may be present more in the aqueous phase or the oil/water 
interface than n-6 peroxides where EDTA is present. Therefore, co-localisation of EDTA and n-3 
peroxides could be a reason of EDTA’s efficiency on prevention of formation of n-3 peroxides. 
Another reason could be, greater sensitivity of n-3 PUFA peroxides (having a higher number of 
double bonds) to metal catalysed degradation (Jacobsen et al., 2008). 
When EDTA was added to fish oil mayonnaise the droplet size, decreased, but EDTA strongly 
inhibited oxidation. This result indicated that only when oxidation is catalysed by iron stemming from 
egg yolk compounds (phosvitin) at the oil water interface the droplet size is important otherwise a 
decrease in the oil droplet size did not promote oxidation rate (Jacobsen, Hartvigsen, Thomsen, et al., 
2001).  
2.4.1.3 Propyl gallate 
Propyl gallate is an ester of gallic acid. Due to its alkyl chain, it is less polar than gallic acid. It is 
widely used as antioxidant in the food industry. Previous studies suggested that propyl gallate was 
one of the two best phenolic antioxidants in mackerel muscle system (Kelleher, Silva, Hultin, & 
Wilhelm, 1992). Jafar et al. (1994) decided to use propyl gallate in fish oil mayonnaise as the free 
radical scavenger (propagation inhibitor) in the oil phase. They used the mixture of citric acid or 
sodium citrate and propyl gallate in the oil phase, and EDTA and ascorbic acid in the aqueous phase 
and suggested that this mixture could increase the shelf life of fish oil mayonnaise without 
antioxidant, from 1 day to an average of 49 days at room temperature as judged by sensory evaluation. 
In another study, Jacobsen, Hartvigsen, Lund, Meyer, Adler-Nissen, Holstborg, and Hølmer (1999) 
employed two different types of commercial propyl gallate mixtures (oil-soluble (Grindox 370) and 
water dispersible (Grindox 413)) in fish oil mayonnaise. Propyl gallate not only increased the fishy 
and rancid off-flavour but also affected rheological characteristics of mayonnaise. Mayonnaise 
containing propyl gallate was less viscous, had bigger droplets and a lower gel strength. In addition, 
propyl gallate slightly increased the peroxide value of mayonnaise so it could be concluded that 
propyl gallate had a pro-oxidant effect in mayonnaise. Pro-oxidative property of propyl gallate (polar 
antioxidant) could be due to its presence at the interface where it can interact with metal ions (Fe3+) 
in the egg yolk and its ability to alter the structural properties of the system (Jacobsen, Schwarz, et 
al., 1999). In order to confirm that if propyl gallate was a pro-oxidant in mayonnaise and omit the 
effect of type of oil Jacobsen et al. (2003) decided to use propyl gallate in mayonnaise with specific 
structured lipid (SL) from sunflower oil and caprylic acid. The results from this study were in good 
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accordance with previous studies on fish oil mayonnaise. Mayonnaises had higher amounts of 
secondary oxidation products and volatile compounds. Therefore, it can be concluded that propyl 
gallate was a pro-oxidant. 
2.4.2 Natural antioxidants used in mayonnaise 
Because of synthetic antioxidants’ chemical stability, low cost and availability they are universally 
applicable. However, some studies questioned their safety due to their potential risk (Madsen & 
Bertelsen, 1995). Nowadays consumers are more concerned about the safety of preservatives and 
additives. Therefore, there is a growing trend in consumer preferences toward clean labelling. All of 
these motivated food industries to explore natural sources of antioxidants.   
2.4.2.1 Gallic acid 
Gallic acid is a plant phenolic acid. Antioxidant activity of phenolic acids is generally by trapping 
free radicals. Mayonnaise is a hetrophasic food system in this system, antioxidants may partition into 
different phases. In mayonnaise, 80% of gallic acid –a polar antioxidant- is partitioned in the aqueous 
phase but 20% of it is distributed in the interface (Jacobsen, Schwarz, et al., 1999). In a study on fish 
oil mayonnaise, addition of gallic acid, caused the increase in the intensity of fishy, rancid and 
metallic off-flavour due to a faster decomposition of hydroperoxides (Jacobsen, Hartvigsen, 
Thomsen, et al., 2001). It is hypothesised that 20% of gallic acid was located at the oil-water interface 
(Jacobsen, Schwarz, et al., 1999) and gallic acid can reduce metal ions and therefore it may interact 
with metal ions from phosvitin at the oil-water interface. Nevertheless, gallic acid slightly decreased 
droplet size that could increase the rate of lipid peroxide decompositions in mayonnaise. In 
conclusion, gallic acid showed a pro-oxidant activity in mayonnaise because of its ability to reduce 
metal ions to their more active form e.g. Fe3+ to Fe2+ (Jacobsen, Hartvigsen, Thomsen, et al., 2001; 
Jacobsen, Horn, Sørensen, Farvin, & Nielsen, 2014). 
2.4.2.2 Ascorbic acid 
Ascorbic acid is a natural water-soluble antioxidant. It mainly exerts its antioxidative effect by 
terminating chain radical reactions via electron transfer (Gülçin, 2012) but may also act as an O2 
scavenger (Pongracz & Kläui, 1981). Ascorbic acid is considered as a pro-oxidant because it can 
catalyse the breakdown of already existing lipid hydroperoxides (LOOH) via reduction of Fe3+ to Fe2+ 
(Frankel, 2005). As already mentioned in previous section on propyl gallate, Jafar et al. (1994) 
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employed a mixture of antioxidants (citric acid or sodium citrate and propyl gallate in the oil phase 
and EDTA and ascorbic acid in the aqueous phase) which increased the shelf life of mayonnaise 
without antioxidant, from 1 day to an average of 49 days at room temperature. In this mixture of 
antioxidants, ascorbic acid functioned as the free radical acceptor and perhaps as reducing agent. 
However, addition of ascorbic acid to fish oil mayonnaise developed the formation of strong metallic, 
fishy and rancid off-flavours and acted as a pro-oxidant. The intensity of off-flavours was dependent 
on ascorbic acid concentration (Hsieh & Regenstein, 1991; Jacobsen, Adler-Nissen, et al., 1999; 
Jacobsen, Timm, et al., 2001). When ascorbic acid is added to the aqueous phase of mayonnaise, it 
can reduce Fe3+ to Fe2+, which is more active as an oxidation catalyst. This may happen even at high 
pH (Fe3+ is bound to phosvitin) or at low pH (iron ions are more accessible, Fe2+, are liberated from 
egg yolk). Hence, ascorbic acid accelerates and promotes oxidation in fish oil mayonnaise (Jacobsen, 
Timm, et al., 2001). 
2.4.2.3 Tocopherol 
Tocopherols are the best known and most widely used antioxidants (Pokorny, 1987). They have four 
isomers (α, β, γ and δ). Tocopherols act as primary antioxidants by donating the hydrogen of the 
hydroxyl group to the lipid peroxyl radical. Also, they are efficient singlet O2 scavengers (Burton & 
Ingold, 1981). They can react with hydroperoxyl radicals and alkoxyl free radicals formed by the 
metal-catalysed decomposition of hydroperoxides (Burton & Ingold, 1981; Huang, Frankel, & 
German, 1994). In mayonnaise, antioxidative effect of tocopherols was dependent on whether it was 
located, water (Grindox 1032) or oil (Toco 70) soluble complex and also on its concentration 
(Jacobsen, Adler-Nissen, et al., 2000). Water-soluble tocopherol resulted in the highest antioxidative 
effect against both peroxides and volatiles formation, reduced the formation of rancid and fishy off-
flavours and increased oil droplet sizes and gel strength compared to oil-soluble tocopherol in fish oil 
mayonnaise. However, oil-soluble tocopherol (Toco 70) at high concentrations showed pro-oxidative 
effects on fishy odour and flavour. The antioxidative properties of water-soluble tocopherol may be 
due to its ability to decrease the total interfacial area and increase gel strength (Jacobsen, Adler-
Nissen, et al., 2000). To get a better insight into the effect of tocopherol on oxidation in mayonnaise 
Jacobsen, Hartvigsen, Lund, et al. (2001) studied the concentration dependency of tocopherol on lipid 
oxidation. Surprisingly their results contrasted with their previous study. They found out that Grindox 
1032 showed pro-oxidative effect in high concentrations (more than 700 mg/kg, corresponding to 140 
mg/kg tocopherol) and in low concentration, showed a week antioxidative effect. They indicated that 
the different effects of low concentration of Grindox 1032 and Toco 70 on the formation of volatiles 
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could not be due to differences in droplet size. They suggested that the droplet size could be 
influenced by parameters other than antioxidant addition e.g., small differences in processing 
conditions. A significant pro-oxidant effect of Grindox 1032 was seen when more than 700 mg/kg 
Grindox (corresponding to 140 mg/kg tocopherol) was added to mayonnaise. Therefore, it could be 
concluded that addition of more than 740 mg/kg total tocopherol had pro-oxidative effect. To sum up 
addition of tocopherol to fish oil mayonnaise is not a good choice of antioxidant. That may be because 
of it lacks the ability to prevent the metal catalysed decomposition of peroxides.  
2.4.2.4 Rosemary 
Recently a lot of attention has been employed on using natural antioxidants of plant extracts. Phenolic 
compounds that act as natural antioxidants are widely distributed in plant tissues like rosemary. The 
most effective antioxidant constituents of rosemary are phenolic diterpenes carnosic acid and 
carnosol. Carnosic acid has several times more antioxidative activity than phenolic synthetic 
antioxidants like BHT and BHA (Richheimer, Bernart, King, Kent, & Beiley, 1996). Carnosic acid 
and carnosol can chelate iron and scavenge peroxyl radical in lipid-based systems (Aruoma, 
Halliwell, Aeschbach, & Löligers, 1992). However, few studies have been carried out on utilising 
rosemary as an antioxidant in mayonnaise. Addition of rosemary extract to sunflower oil mayonnaise 
decreased the level of volatile compounds formed from photooxidation (Lagunes‐Galvez, Cuvelier, 
Odonnaud, et al., 2002). Rosemary extracts could have a chelating effect in sunflower oil mayonnaise. 
Also, the antioxidative effect of dried rosemary at a concentration of 1% was studied in fish oil 
enriched tuna salad (Sørensen, Nielsen, & Jacobsen, 2010). Although rosemary inhibited formation 
of peroxide and showed antioxidative effect, the taste introduced to the product might be undesirable 
in tuna salad (Sørensen, Nielsen, & Jacobsen, 2010).  
2.4.2.5 Lactoferrin 
Lactoferrin is a milk glycoprotein occurring naturally in numerous bodily secretions, including milk, 
tears, mucus, blood, and saliva. Lactoferrin is also the main iron-bearing protein in cow’s milk, and 
it is able to bind two Fe3+ in cooperation with two HCO3- ions when fully saturated (Nielsen et al., 
2004). Synthetic chelating agents like EDTA could be replaced by lactoferrin, which is a natural 
compound with a metal chelating property. So, studies have been done on the possibility of using 
lactoferrin in mayonnaise as a chelating agent (Jacobsen et al., 2003; Nielsen et al., 2004). In a study 
on structured lipid (SL) from sunflower oil mayonnaise, 10 µM of lactoferrin was used as an 
antioxidant. This study showed that lactoferrin at this concentration did not show any antioxidative 
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effect (Jacobsen et al., 2003). Jacobsen et al. (2003) suggested that the protein may become denatured 
at the low pH (pH of mayonnaise was 4.0) and lose its ability to chelate iron. However, only one 
concentration of lactoferrin was tested in SL mayonnaise and other concentrations should be tested. 
Therefore, in another study the antioxidative effect of lactoferrin (8-32 µM) in fish oil mayonnaise 
(16% fish oil, 64% rapeseed oil) was studied (Nielsen et al., 2004). Lactoferrin exhibited a 
concentration dependent protective effect. It worked optimally as an antioxidant at a concentration of 
8 µm while it appeared to have pro-oxidative effect at high concentrations. The pro-oxidant effect of 
lactoferrin at high concentrations has been speculated to be a result of a change in conformation of 
lactoferrin when it is at the oil/water interface so metal ions are bound at other sites than its metal 
chelating sites. This binding brings the metal ions in contact with the lipid and results in pro-oxidant 
effect of lactoferrin (Nagasako, Saito, Tamura, Shimamura, & Tomita, 1993; Nielsen et al., 2004). In 
conclusion, lactoferrin appeared to have a slightly antioxidative effect in concentrations of 8-12 µm 
and was a pro-oxidant at higher concentrations. 
2.4.2.6 Phytic acid 
Natural metal chelating substances are present in foods, especially in plant materials. Phytic acid is 
in the group of natural chelating agents. In a study Nielsen et al. (2004) tried to use phytic acid in fish 
oil mayonnaise (16% fish oil, 64% rapeseed oil). However, they found no antioxidative effect of 
phytic acid in mayonnaise. Lacking antioxidative effect of phytic acid could be due to several reasons: 
1. the low pH of mayonnaise that may affect the ability of the phosphoric groups in phytic acid to 
bind the positively charged Fe ions and 2. a very low formation of the Fe-phytic acid complex. From 
the available data on phytic acid as an antioxidant in mayonnaise, the efficacy of phytic acid as an 
antioxidant cannot be concluded so further investigation is needed.  
2.4.2.7 Mustard 
Mustard is a nutritious food compound (Fahey, Zalcmann, & Talalay, 2001). The characteristic 
flavour of mayonnaise is principally based on mustard (Depree & Savage, 2001). The flavour of 
mustard derives from a group of isothiocyanates especially allyl isothiocynate that are volatile sulphur 
compounds (Fenwick, Heaney, Mullin, & VanEtten, 1982). They are soluble in oil and slightly 
soluble in water. In mayonnaise, flavour molecules based on their solubility, partition between oil 
and aqueous phases. Mustard can act as an emulsifying agent in mayonnaise and stabilise the 
emulsion (Harrison & Cunningham, 1985). The mustard seed contains natural antioxidants. The 
antioxidant activity of mustard seed in oil/water emulsions has been studied (McCarthy, Kerry, Kerry, 
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Lynch, & Buckley, 2001; Shahidi, Wanasundara, & Amarowicz, 1994). As meeting the need of using 
natural antioxidant is important, researchers decided to study the efficacy of mustard as an antioxidant 
in mayonnaise (Lagunes‐Galvez, Cuvelier, Odonnaud, et al., 2002; Milani et al., 2013). In a study on 
Dijon mayonnaise made with sunflower oil and mustard paste, mayonnaises could be stored for 10 
months in closed jars while in mayonnaises without mustard, the oxidation rate was higher and more 
conjugated dienes were produced. So, the protective role of mustard against oxidation in mayonnaise 
can be concluded from this study (Lagunes‐Galvez, Cuvelier, Odonnaud, et al., 2002). Also, in 
another study the effect of different concentrations of yellow powder and paste mustard on rancidity 
and sensory properties of mayonnaise has been studied (Milani et al., 2013). To eliminate the adverse 
properties of mustard on mayonnaise such as changes in colour and flavour they compared the use of 
mustard paste, which is made by heating treatments and inactivation of myrosine enzyme to powder 
mustard. Yellow mustard paste and powder showed antioxidative effect and their antioxidative 
activity was concentration dependent. Using mustard paste improved sensory properties of 
mayonnaise by decreasing the pungent flavour also; it made the use of high concentrations of mustard 
paste (0.75%-1.5%) possible.  
2.4.2.8 Fenugreek extract  
Fenugreek (Trigonella foenumgraecum), is a food ingredient that is used traditionally in the Far East. 
It is recognised as a possible source of natural antioxidant. The effectiveness of fenugreek extracts in 
inhibiting/minimizing lipid oxidation in comparison with synthetic antioxidant (TBHQ and BHT) has 
been studied in mayonnaise (Mostafa, 2003). This study stated that fenugreek extracts at 500 mg/kg 
in mayonnaise showed the same antioxidant effect as TBHQ (200 mg/kg) but was more effective than 
BHT (200 mg/kg). Although high concentration of fenugreek (1500 mg/kg) was more effective than 
synthetic antioxidants, it had diverse effects on sensory characteristics of mayonnaise. Significant 
differences were noticed for mouthfeel, taste, flavour and overall acceptability between either 
mayonnaise containing fenugreek and other samples. So, based on this study fenugreek at 500 mg/kg 
can be used as a natural antioxidant in mayonnaise but further studies on fenugreek e.g. extraction 
method are essential.  
2.4.2.9 Black glutinous rice 
Black glutinous rice is generally used as an ingredient in snacks and desserts. It contains high amounts 
of phenolic compounds especially anthocyanins in pericarp that has the antioxidant ability and radical 
scavenging (Hu, Zawistowski, Ling, & Kitts, 2003; Ichikawa et al., 2001). Optimum condition of 
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solvent extraction of black glutinous rice crude extract and its application in fish oil mayonnaise was 
studied (Tananuwong & Tewaruth, 2010). The highest antioxidant activity was obtained when 
extracted twice with 70:30 acetone-water mixture (v/v) at pH 6.8 for 4 hours of total extraction times. 
1000 mg/kg crude extract could efficiently increase oxidative stability of mayonnaises. Phenolic 
compounds in black glutinous rice can retard oxidation with three mechanisms: 1. chain breaking, 2. 
hydroperoxide destroying and 3. metal chelating. In spite of good antioxidative ability of high 
concentrations of crude extract, greater colour deterioration could be seen. The reasons for the colour 
changes in mayonnaise might be a result of: 1. maillard reaction and 2. oxidative degradation of 
anthocyanin to undesirable brown-coloured products.  
2.4.2.10 Lycopene 
Lycopene is a natural food colourant. It is incorporated in dairy beverages, powdered beverages, dairy 
foods, surimi, confectionery, bakery, breakfast cereals, nutritional bars, soups, meal replacement, 
sauces, salsas, pastas, chips, snacks, dips and spreads. Lycopene crystals from tomato waste skin (50 
mg/kg) were used in mayonnaise and its effect on oxidative stability of mayonnaise was studied 
during storage for four months (Kaur et al., 2011). Lycopene slowed down the development of off-
flavour, off-odours, and colour changes and acted as an antioxidant by interrupting the chain of free 
radicals involved in auto-oxidation. Also, sensory analysis showed that lycopene-treated mayonnaises 
had good consumer acceptability. 
2.4.2.11 Ginger powder 
Ginger contains polyphenol compounds (6-gingerol and its derivatives), which have a high 
antioxidant activity (C. C. Chen, Kuo, Wu, & Ho, 1986) like TBHQ, BHA and BHT. Water ginger 
extract is a strong radical scavenger (Y. F. Kishk & El Sheshetawy, 2010). The role of ginger powder 
on oxidative stability of mayonnaise has been investigated (Kishk & Elsheshetawy, 2013). This study 
showed that ginger powder at concentrations of 1.0% and 1.25% reduced the production of primary 
and secondary oxidation products (measured by anisidine value) and subsequently retarded oxidation 
process during storage for 20 weeks. The rheological properties of mayonnaise were not influenced 
by ginger powder at concentrations mentioned above. Interestingly, ginger powder improved the 
taste, flavour, mouth feel, and overall acceptability of mayonnaise at zero time, and after 20 weeks 
the overall acceptability of mayonnaise samples at concentration of 1.0% and 1.25% was improved.  
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2.4.2.12 Grape seed extract 
Grape seed is a by-product from wine production that contains catechin and proanthocyanidins. It has 
radical scavenging and antioxidative properties. The potential use of grape seed extract on the 
oxidative stability and sensory properties of mayonnaise during storage for 8 weeks has been studied 
(Altunkaya et al., 2013). High concentrations of grape seed extract (0.15%) showed a very good 
antioxidative activity. However, mayonnaises without grape seed extract had a higher sensorial 
acceptability. On the other hand, high concentrations of grape seed extracts increase toxicological 
risk (Altunkaya et al., 2013). Therefore, 0.50 mg/ml did not establish toxicological health and 
improved oxidative stability with acceptable sensory properties.  
2.4.2.13 Essential oils extracted from Zenyan 
Carum copticum is an annual herbaceous plant that grows in the east of India, Iran and Egypt. Its 
fruits (generally known as “Zenyan” in Iran) have been used extensively in Iranian folk and traditional 
medicine (Goudarzi, Saharkhiz, Sattari, & Zomorodian, 2010). The potential antioxidative ability of 
essential oils from Zenyan in mayonnaise has been studied. Also, the differences between the 
antioxidative activity of two different extraction methods (ohmic assisted hydro distillation and 
conventional hydro distillation) were compared (Gavahian, Hashemi, Khaneghah, & Mazaheri 
Tehrani, 2013). The results from this study showed that the antioxidant activity of Zenyan essential 
oils was independent of extraction methods. However, they suggested ohmic assisted hydro 
distillation method for extraction of essential oils was more efficient than traditional hydro distillation 
method as in this method more time and energy will be saved. All concentrations of essential oils 
(0.015%, 0.03% and 0.045%) showed antioxidant activity, against DPPH free radicals, in 
mayonnaise. Antioxidative property of Zenyan essential oils mainly is dependent on its thymol 
content. Thymol is a main component of essential oils and acts as a primary antioxidant by delaying 
or preventing the initiation and propagation step (Hashemi, Niakousari, & Saharkhiz, 2011). 
Gavahian et al. (2013) proposed that BHA and BHT (synthetic antioxidants used in mayonnaise) 
could be replaced by high concentration of Zenyan essential oils. The colour of mayonnaises was not 
influenced by addition of Zenyan essential oils. However, the odour of mayonnaises with and without 
Zenyan was significantly different. Whereas, in the case of sensory preference test there were no 
differences between all represented samples.  
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2.4.2.14 Chitosan 
The antioxidant activity of chitosan derivatives has been reported in several studies, but few studies 
have been done on real foodstuff. Antioxidant activity of chitosan with different molecular weighs 
was evaluated in mayonnaise (García et al., 2014). This study indicated that addition of chitosan not 
only retarded lipid oxidation of mayonnaises during 63 days of accelerated storage but also improved 
organoleptic properties (odour and taste). Mayonnaises treated with chitosan with the higer molecular 
weight showed better stability during accelerated storage at all temperatures. 
2.4.2.15 Tansy extracts 
Tansy (Tanacetum vulgare L., Asteraceae) is an aromatic plant spread mainly in the northern 
hemisphere in Europe, Asia and North America. Its anti-inflammatory, antibactericidal, 
antifungicidal, insects repellent and antioxidative activities is reported. Tansy acetone extract at 
higher concentrations could inhibit oxidation in rapeseed oil (Pukalskas & Venskutonis, 2000). The 
oxidative stability of mayonnaise treated with tansy extract was studied. This study showed that all 
tansy extracts improved oxidative stability of mayonnaise (Baranauskienė et al., 2014). 
2.4.2.16 Clove 
Cloves (Syzygium aromaticum Linn) are aromatic dried flower buds of the family Myrtaceae. 
Generally, clove extracts are used as biopreservatives in preventing food spoilage by pathogenic 
contaminants. The potential application of eugenol-lean fraction of clove buds as a flavouring agent 
(replacing mustard in the classic formulation) and as a natural antioxidant in mayonnaise was studied 
(Chatterjee & Bhattacharjee, 2014). Mayonnaise incorporated with eugenol-lean clove extract was 
found to be oxidative stable beyond 6 months. Also, it had better physical properties such as higher 
colour intensity, lower thermal and nonthermal creaming, homogenous and compact microstructure 
and higher consistency index. Organoleptically, addition of eugenol-lean clove extract did not cause 
any significant changes in body and consistency of all the mayonnaise samples.  
2.4.2.17 Anthocyanin extracted from purple corn husk 
Purple corn cobs, purple sweet potatoes and blueberries are usually the main source of anthocyanins 
employed as food colourant in commercial production (Kähkönen, Hopia, & Heinonen, 2001). 
Anthocyanins possess strong antioxidant capacity because they have free radical scavenging activity 
(Espin, Soler-Rivas, Wichers, & García-Viguera, 2000) and metal-chelating properties (Nam et al., 
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2006). Purple corn husk has 10 times more anthocyanins than other plant sources of anthocyanins (Li 
et al., 2008). The feasibility of the use of anthocyanins extracted from purple corn husk extract 
(PCHE) as a natural antioxidant in comparison with the synthetic antioxidants (BHT and EDTA) was 
studied (Li et al., 2014). Addition of PCHE reduced the amount of both primary and secondary 
oxidation products. The antioxidative activity of PCHE was concentration dependent and the 
mayonnaise containing 0.4 g/kg PCHE showed the strongest antioxidative performance during 
storage. This study proposed that PCHE could be used as a natural antioxidant in mayonnaise instead 
of synthetic antioxidants like BHT and EDTA. This study considered the colour difference 
(mayonnaises with PCHE had purplish colour) as a positive point and related it to the sign of natural 
antioxidant in consumers’ food Figure 2-3.  
 
Figure 2-3. Different colours of mayonnaise containing various PCHE contents: (A) PCHE 0.4 g/kg, (B) PCHE 0.3 g/kg, 
(C) PCHE 0.2 g/kg, and (D) PCHE 0.1 g/kg. Adapted from (Li et al., 2014). 
2.4.2.18 Seaweed  
Plants and marine algae can be used as a source of natural antioxidants. Not only these antioxidants 
show potential for improving oxidative stability of food but also, they have a broad array of health-
promoting benefits (Hata, Nakajima, Uchida, Hidaka, & Nakano, 2001). Seaweed contains different 
tocopherols, amino acids, sulphated polysaccharides, mono- and polyphenols, and bioactive 
compounds (Honold, Jacobsen, Jónsdóttir, Kristinsson, & Hermund, 2015). Seaweed extracts from 
Fucus vesiculosus as a potential antioxidant was used in mayonnaise (Honold et al., 2015). Fucus 
vesiculosus is rich in polyphenols that can act as free radical scavengers and metal chelators. Hermund 
et al. (2015) evaluated the antioxidant properties of water extract (WE) and an ethyl acetate fraction 
(EAF) of Fucus vesiculosus and studied their efficacy to inhibit lipid oxidation in fish oil mayonnaise. 
2 g/kg of WE were more efficient in lowering the formation of primary oxidation products and 
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secondary oxidation products however, EAF was more efficient in decreasing the degradation of the 
n-3 PUFA. The effectiveness of EAF and WE were concentration dependant. It was shown that the 
antioxidant effectiveness of EAF and WE were related to high-total phenolic content, high-radical 
scavenging activity, moderate- or high-metal chelating ability and high-carotenoid content in the 
extract. In another study, the antioxidant properties of four extracts (ethanol (EtE), acetone (AcE), 
and water extracts (one made from the old parts of the F. vesiculosus leaf (WoE) and one from the 
young parts (WyE)) from Fucus vesiculosus in fish oil mayonnaise properties were studied (Honold 
et al., 2015). Ethanol and acetone extracts had higher antioxidant efficacy compared to water extracts. 
In this study, the concentration dependency of antioxidant efficacy was observed too. Same as 
Hermund et al. (2015) study, Honold et al. (2015) indicated the relation between the high-total 
phenolic content and high-radical scavenging activity with antioxidant efficacy but also, they pointed 
out the location of phenolic compounds at the interface of oil droplets and water in mayonnaise.   
2.4.2.19 Glucose oxidase (GOX) 
Glucose oxidase is an enzyme that acts as a natural antioxidant in food products. Glucose oxidase can 
be isolated and purified from the mould Aspergillus niger (Whitaker, 1993). It is tightly bound to the 
mycelium so it is difficult to separate it from enzyme catalase (CAT) (Crueger & Crueger, 1990). 
Hence, in food grade preparation of glucose oxidase it is usually coupled with catalyse. GOX/CAT 
has the ability to scavenge molecular oxygen by catalysing the reaction of converting two moles of 
glucose and one mole of molecular oxygen to two moles of δ-gluconolactone which spontaneously 
hydrolyses to gluconic acid and hydrogen peroxide that can be removed by catalase (Crueger & 
Crueger, 1990; Frankel, 2005). Glucose oxidase has been utilised as an antioxidant in different 
mayonnaise systems. In mayonnaise containing 790 g/kg soy oil, 450 U/kg of GOX could retard off-
flavour, off-odour and rancid taste in dark at 20 °C (Skrede et al., 1991). In fish oil mayonnaise 
GOX/CAT system acted as an oxygen scavenger and prolonged the shelf life of the product at 
refrigerator temperature, but at room temperature the mayonnaise with and without glucose oxidase 
showed no detectable differences (Jafar et al., 1994). To see if the enzyme system was active at room 
and refrigerator temperature and to get a better understanding of GOX/CAT activity in mayonnaise 
Isaksen and Adler-Nissen (1997) investigated the effect of GOX/CAT system in fish oil mayonnaise 
and soybean oil mayonnaise. They found that GOX/CAT system retarded lipid oxidation at 5 °C and 
25 °C. As they expected GOX/CAT scavenged oxygen in the packages under the consumption of 
glucose. Although GOX/CAT could retard lipid oxidation, using it as antioxidant in mayonnaise 
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cannot be practical because of formation of off-flavour in both mayonnaises at 5 °C and 25 °C. So, 
in order to solve this problem further investigation is needed.  
 Factors affecting the activity of antioxidants 
2.5.1 Polar paradox and cut off theory 
The effectiveness of an antioxidant in an oil/water emulsion is highly affected by its partitioning 
properties and its ability to be located in the environment where lipid oxidation takes place, such as 
at the interface between the oil and water phases (Coupland & McClements, 1996). Mayonnaise is a 
heterophasic food system, and antioxidants may partition into at least three different phases: the 
aqueous phase, the oil phase and the interface between the oil and water phase (Jacobsen, Schwarz, 
et al., 1999). In mayonnaise, lipophilic antioxidants like tocopherol are located in the oil phase while 
the more polar antioxidants, such as gallic acid, are concentrated in the aqueous phase, but about 20% 
of the gallic acid is found at the interface (Jacobsen, Schwarz, et al., 1999) (Figure 2-4). The 
relationship between antioxidant partitioning and antioxidant efficacy is also termed “the polar 
paradox” (Frankel, Huang, Kanner, & German, 1994; Laguerre et al., 2015).  
 
Figure 2-4. Interfacial phenomena as a possible mechanism of action of the polar paradox in oil-in-water emulsion (a 
and b) and in bulk oil (c and d). Adapted from ( Frankel et al., 1994; Laguerre et al., 2015). 
According to the so-called “polar paradox” theory, polar antioxidants would be more effective than 
their nonpolar analogues in bulk oil, whereas nonpolar antioxidants would be more effective in oil in 
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a water emulsion than their polar counterparts. Gallic acid, which is a polar antioxidant, was added 
in mayonnaise. Gallic acid showed a poor antioxidative effect and these results were in accordance 
with the theory of polar paradox that the efficacy of polar antioxidants in an oil in water emulsion is 
poor (Jacobsen, Hartvigsen, Thomsen, et al., 2001). To gain more insights into the validity of the 
polar paradox theory in mayonnaise researchers tried two pairs of homologue antioxidants (ascorbic 
acid/ascorbyl palmitate and gallic acid/propyl gallate) in fish oil enriched mayonnaise (Jacobsen, 
Hartvigsen, Lund, Meyer, Adler-Nissen, Holstborg, & Hølmer, 1999; Jacobsen, Hartvigsen, 
Thomsen, et al., 2001; Jacobsen et al., 2008). In these studies, surprisingly all employed compounds 
acted as pro-oxidants and the antioxidant activity did not improve with increased lipophilicity. From 
these reports, the authors concluded that in much more complex systems like mayonnaise, in which 
iron stemming from the egg yolk catalyses lipid oxidation and many different molecules can affect 
antioxidant activity, the polar paradox theory cannot predict the antioxidant efficacy. Following on 
from the polar paradox theory, there is another theory called “cut off” that shows the nonlinear 
influence of hydrophobicity on antioxidant capacity (Lagunes‐Galvez, Cuvelier, Ordonnaud, et al., 
2002). Lipophilization of antioxidants can improve antioxidant efficacy, however there are not many 
studies on their effectiveness in real food systems such as mayonnaise. Alemán et al. (2015) 
investigated the antioxidant effect of caffeic acid and its esters (caffeates C1-C18) in fish oil 
mayonnaise. Both caffeic acid and caffeates had antioxidative effect in fish oil mayonnaise. The 
caffeates with short to medium alkyl chain (butyl, octyl and dodecyl) were the most effective 
antioxidants, whereas the increase in alkyl chain caused a collapse in the antioxidant capacity of 
esterified phenolic compounds. This phenomenon can be explained by the cut off theory. The 
caffeates retarded the formation of both primary and secondary oxidation products in fish oil 
mayonnaise.  
 Conclusion and future perspectives 
This review has highlighted the important factors affecting lipid oxidation in mayonnaise. A general 
conclusion is that we can reduce oxidation in mayonnaise by cutting off the factors that reduce the 
induction period and accelerate rancidity such as lowering the storage temperature, reducing oxygen 
concentration in food, avoiding intensive lighting, manipulating chemical structure of the oil and 
physical properties of mayonnaise. In addition, one of the promising ways of retarding oxidation in 
mayonnaise the use of antioxidants. As people are more concerned about their health there is a 
worldwide trend toward using natural antioxidants in food products. After reviewing the literature 
about using natural antioxidants in mayonnaise, it can be concluded that it could be possible to design 
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a mayonnaise with greater oxidative stability, by replacing synthetic antioxidants with natural ones. 
However, as mayonnaise contains a variety of different components still there is a scarcity of 
knowledge on the influence of these components on the efficacy of natural antioxidant activity. 
Further elucidation of the mechanism of oxidation in mayonnaise and a better understanding of 
antioxidant efficacy would have a great technological importance. The importance of interfacial 
characteristic of oil droplets has been already demonstrated, but using new strategies for retarding 
lipid oxidation by manipulating the interfacial properties of oil droplet in mayonnaise is missing. The 
challenge in using natural antioxidants in mayonnaise is to obtain a product with good sensory 
properties and satisfactory shelf life, hence further studies of the influence of natural antioxidant on 
the sensory properties of mayonnaise are required. After gathering information on using natural 
antioxidants in mayonnaise we came to a conclusion that in future more studies should be done on 
issues like: elucidating the mechanism of oxidation in mayonnaise in order to find the best 
antioxidant, more studies on the factors affecting antioxidant efficacy in mayonnaise like systems, 
manipulating interfacial area of oil in water emulsion droplets to decrease rate of oxidation, finding 
more sources of natural antioxidants and finally working on how to obtain the best sensory properties 
with using natural antioxidants.  
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Chapter 3 Effect of temperature and butylated hydroxyanisole on 
the profile of lipid oxidation volatile compounds during storage of 
mayonnaise 
 
 
(At least 80% of this chapter has been submitted to the Journal of Food Science and Technology. 
Reuse of the original submitted content in the thesis report with permission from Calingacion, M., 
Smyth, H. E. & Fitzgerald, M.
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 Abstract 
Lipid oxidation is a primary cause of quality deterioration in mayonnaise that leads to a decrease in 
the nutritional and sensorial value. The evolution of volatile oxidation compounds from mayonnaise 
stored at varying temperatures for 92 days and the antioxidative effect of butylated hydroxyanisole 
were investigated by static headspace extraction and separation by two dimensional gas 
chromatography/time-of-flight mass spectrometry. Considerable differences in the headspace 
composition of samples stored at 4, 25 and 38 °C were found due to the different oxidation levels 
reached. The content of hexanal in mayonnaise at 1-5 days of storage at 38 °C could be used to predict 
the corresponding compound in mayonnaise at 1-62 days of storage at 25 °C. Some volatile 
compounds were identified that could be a useful indicator of lipid oxidation of mayonnaise and by 
using an antioxidant to reduce these compounds a good oxidative stability could be reached. The 
results achieved in this chapter provided data used for storage studies of mayonnaise in subsequent 
chapters. The results achieved in this chapter provided the basis of volatile oxidation compounds to 
be used in next chapters (Chapter 4, Chapter 6 and Chapter 7). 
 Introduction 
Mayonnaise is an oil in water (O/W) emulsion containing 60-80% oil. The high amount of oil in 
mayonnaise makes it highly susceptible to lipid oxidation. Lipid oxidation is the main reason for 
quality deterioration in mayonnaise that decreases the sensorial and nutritional value of the product 
and initiates the production of compounds that are toxic for humans (Goicoechea & Guillén, 2014). 
During oxidation, triglyceride structures undergo some changes (Goicoechea & Guillén, 2014) and 
lead to the formation of two main classes of compounds. The first class of compound is the primary 
oxidation products (hydroperoxides) that can break down to give the second class of compounds 
(volatile oxidation products) such as aldehydes, ketones and alcohols lead to development of off-
flavours in food products (Guillén & Goicoechea, 2007; Schieberle, Tsoukalas, & Grosch, 1979; 
Wang, Csallany, Kerr, Shurson, & Chen, 2016; Wyatt, 1987). Accordingly, understanding the 
evolution of volatile secondary oxidation products is of importance for maintaining the sensory 
acceptability of food products.  
Sunflower oil with high levels of polyunsaturated fatty acids (PUFA) is usually used in mayonnaise 
and salad dressings. Sunflower oil comprises main five fatty acids: palmitic (16:0), stearic (18:0), 
oleic (18:1), linoleic (18:2) and linolenic (18:3) (Cao, Deng, et al., 2014; Guillén, Cabo, Ibargoitia, 
& Ruiz, 2005; Guillen & Goicoechea, 2008; Keszler, Kriska, & Németh, 2000; Uriarte & Guillén, 
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2010). Saturated fatty acids are more resistant to free radical attack than unsaturated fatty acids (Jelen, 
Obuchowska, Zawirska-Wojtasiak, & Wasowicz, 2000; Marmesat, Morales, Velasco, & Dobarganes, 
2012). Sunflower oil contains approximately 70% linoleic acid, which makes it susceptible to lipid 
oxidation. Also, the number and position of double bonds in fatty acids leads to production of 
different compositions of aldehydes (Cao, Deng, et al., 2014), for example, linoleic acid generates 9- 
and 13-hydroperoxides that decompose to produce hexanal (Frankel, 1983). The mechanism of lipid 
oxidation in an O/W emulsion is different from that in the bulk oil system (Takai et al., 2003).  
A study on sunflower oil showed that the alkoxyl radicals generated from triglyceride of linoleic acid 
causes off-flavour. It is important to point out that the formation of oxidation products depends on 
several factors such as nature and composition of oil, and the condition in which the oxidation occurs 
such as temperature, amount of oil, etc (Ghorbani Gorji, Smyth, Sharma, & Fitzgerald, 2016; 
Goicoechea & Guillén, 2014). The nature and proportions of the lipid oxidation products formed at 
higher temperature is very different from those generated at room temperature (Goicoechea & 
Guillén, 2014). As the oxidation rate at low temperature is slower than at higher temperature, few 
studies have been carried out under refrigerator (4 °C) and room temperature (25 °C) conditions 
(Yang, Chu, & Liu, 2005).  
To inhibit lipid oxidation in O/W emulsion food systems, different methods have been used. The most 
common method is the addition of antioxidants that can redirect the alkoxyl radicals to the formation 
of more stable species (Keszler et al., 2000). Synthetic antioxidants such as butylated hydroxyanisole 
(BHA), a free radical scavenger, are usually added in oil, but synthetic antioxidants could cause health 
problems (Shahidi, 2000; Shahidi & Zhong, 2010). To be able to find a natural alternative for BHA 
in O/W emulsion food products like mayonnaise, an understanding of the evolution of lipid oxidation 
products, particularly volatile compounds during oxidation process at different temperatures, is 
needed.  
Detection and identification of volatile oxidation compounds, has undergone a technological 
revolution over the past decade (Daygon et al., 2016). Now, with the help of a new technology 
platform such as two-dimensional gas chromatography (GC × GC), volatile compounds can be 
accurately separated. In GC × GC, the separation of compounds is carried out in two separate columns 
with different polarities. Time-of-flight mass spectrometer (TOF-MS), is a new technique in mass 
spectrometry that enables improvement in identification of compounds (Daygon et al., 2016). By 
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using this technique there is no need for chemical extraction of compounds so sample preparation is 
simple. 
The aims of this study are to provide a more thorough understanding of the evolution of oxidation in 
mayonnaise and investigate the temperature dependency for the development of lipid-derived volatile 
oxidation products. The detailed evolution of volatile secondary oxidation products in sunflower oil 
mayonnaise has not previously been elucidated. To fulfil this aim, a shelf life study with sunflower 
oil mayonnaise (without and with BHA) stored at 4 °C, 25 °C and 38 °C for 92 days was conducted. 
The volatile composition of sunflower oil mayonnaise was studied by headspace sampling and two 
dimensional gas chromatography/time-of-flight mass spectrometry and the resulting data explored 
using multivariate data analysis, namely principal component analysis (PCA) and partial least squares 
regression (PLS). The effect of BHA as an antioxidant during storage of sunflower oil mayonnaise 
was determined based on hydroperoxide concentration and profiles of volatile compounds. BHA is a 
widely used antioxidant and the data generated in this study will be useful for comparison with natural 
antioxidants later on. 
 Materials and methods 
3.3.1 Materials 
Ingredients for mayonnaise: sunflower oil with and without BHA added (200 ppm) [the fatty acid 
composition of sunflower oil: C16:0, 6%; C16:1, 0.1%; C18:0, 3.4%; C18:1, 28.7%; C18:2, 60%; 
C18:3, 0.6%; C20:0, 0.3%; C20:1, 0.2%; C22:0, 0.7 %; free fatty acids, 0.05%], egg (whole egg and 
egg yolk), white vinegar, sugar, lemon juice, Dijon mustard, salt and garlic were supplied by 
Goodman Fielder Company (Sydney, Australia). Ammonium ferrous sulfate, xylenol orange, cumene 
hydroperoxide, butylated hydroxy toluene, sulfuric acid, HPLC grade methanol, propan-1-o1 were 
purchased from Sigma-Aldrich. The full details of analytical standards ran in GC × GC/TOF-MS can 
be found in Table 3-1.  
Table 3-1. List of analytical standards ran by two-dimensional gas chromatography time-of-flight mass spectrometry for 
the profiling of volatile compounds in mayonnaise.  
Standard 
PubChem 
CID 
Manufacturer 
Purity 
(%) 
Retention time (s) 
(primary column, secondary 
column)  
Aldehydes 
    
Pentanal 8063 Sigma-Aldrich 97 370.0, 0.425 
Hexanal 6184 Sigma-Aldrich 98 485.0, 0.455 
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Standard 
PubChem 
CID 
Manufacturer 
Purity 
(%) 
Retention time (s) 
(primary column, secondary 
column)  
Heptanal 8130 Sapphire Biosciences 95 600.0, 0.445 
Octanal 454 Sigma-Aldrich 99 710.0, 0.470 
Nonanal 31289 Sigma-Aldrich 98.5 812.5.0, 0.475 
2-Pentenal 5364752 Sigma-Aldrich ≥95.0 450, 0.500 
2-Heptenal 5283316 Sigma-Aldrich >95.0 677.5, 0.775 
4-Heptenal 5362814 Sigma-Aldrich ≥98.0 600.0, 0.480 
2-Octenal 5283324 Sigma-Aldrich ≥97.0 767.5, 0.520 
2,4-Heptadienal 5283321 Sigma-Aldrich 90 730, 0.585 
Ketones 
    
2-Pentanone 7895 Sigma-Aldrich 98-100 355, 0.420 
2-Heptanone 8051 Sigma-Aldrich ≥99.0 592.5, 0.450 
1-Octen-3-one 61346 Sigma-Aldrich ≥97.0 682.5, 0.490 
Alcohols 
    
1-Butanol 19422 Sigma-Aldrich ≥99.9 355, 0.555 
1-Pentanol 6276 Sigma-Aldrich ≥99.8 460, 0.575 
2-Penten-1-ol 5364919 Sigma-Aldrich ≥96 482.5, 0.635 
1-Octen-3-ol 18827 Sigma-Aldrich ≥98.0 690, 0.535 
4-Ethylcyclohexanol 11524 Sigma-Aldrich 98 790, 0.570 
Hydrocarbons 
    
Tetradecane 12389 Supelco 99.8 1035, 0.645 
3-octene 638228 Sigma-Aldrich 98 445, 0.355 
Limonene 440917 Sigma-Aldrich 98 717.5, 0.420 
Aromatic hydrocarbons 
    
p-Xylene 7809 Sigma-Aldrich ≥99.5 570, 0.455 
Ethylbenzene 7500 Sigma-Aldrich ≥99.5 545, 0.440 
Furan derivatives 
    
2-Pentylfuran 19602 Sigma-Aldrich >98 675, 0.435 
3.3.2 Preparation and storage of mayonnaise 
Mayonnaises were produced in 1.5 kg batches using Kogan 1000W Professional Food Processor & 
Blender. The mayonnaise recipe contained (all amounts are stated in wt%): sunflower oil (80%, no 
antioxidant and BHA (200ppm)), egg (10.7% whole egg and egg yolk), white vinegar (2.6 %), sugar, 
lemon juice, Dijon mustard, salt and garlic. The dry ingredients were mixed together and dissolved 
in vinegar and water by mixing the solution for 5 minutes forming a slurry. Egg was mixed with the 
slurry and the sunflower oil was gradually added while mixing continued. The pH of the final product 
was 3.88 ± 0.02. Each formulation was made in three batches in order to have biological replicates. 
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Samples were aseptically transferred in sterile specimen jar (75 mL) with caps and filled to the top, 
closed tightly (without headspace), and stored at 4 °C, 25 °C and 38 °C for 92 days in the dark. 
Sampling was performed at specific timed intervals (day 1, 5, 15, 26, 33, 6, and 92). At each of storage 
time point, a new jar stored at the corresponding temperature was opened for each different type of 
sampling, that is, for GC × GC/TOF-MS and hydroperoxides analysis. Table 3-2 shows the 
experimental design for the storage studies.  
Table 3-2. Preparation and storage condition for the mayonnaise.  
 Mayonnaise 
Products M4 MB4 M25 MB25 M38 MB38 
Storage temperature 4°C 25°C 38°C 
Antioxidant None BHA None BHA None BHA 
Sampling interval Day 1, 5,15, 26, 33, 62 and 92 
Storage period 92 days 
3.3.3 Lipid separation from mayonnaise 
The oil phase from the mayonnaise was separated according to the method (Jacobsen, Hartvigsen, 
Lund, Meyer, Adler-Nissen, Holstborg, & Hølmer, 1999) and kept at -80 °C until analysis 
(hydroperoxide concentration). 
3.3.4 Determination of lipid hydroperoxides 
Lipid hydroperoxides of the oil phase separated from mayonnaise were measured according to FOX2 
assay (Nourooz-Zadeh, Tajaddini-Sarmadi, Birlouez-Aragon, & Wolff, 1995). The hydroperoxide 
concentrations of the samples were calculated from the absorbance reading at 590 nm (Shimadzu 
UV1800, Shimadzu Scientific Instruments, Columbia, MD, USA) and a standard curve made of 
cumene hydroperoxide which can be found in Appendix A. The samples were analysed in triplicate 
and expressed as millimolar (mM) hydroperoxide. 
3.3.5 Determination of volatile oxidation products 
Comprehensive analysis of volatile compounds in mayonnaise was done by static headspace 
extraction and separation by two-dimensional gas chromatography time of flight mass spectrometry 
(GC × GC/TOF-MS; Leco, Australia). Mayonnaise (1 g) was weighed into 20 ml GC headspace vials, 
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covered with a silicon cap (Restek, Germany) and equilibrated overnight at room temperature. An 
empty vial was used as a blank, and a mixture of all the samples was used as a quality assurance (QA) 
standard and placed at every eleventh position in the run. The vials containing the samples were 
heated to 80 ºC and agitated for 10 min. The volatile compounds in the headspace of the vial (1.5 ml) 
were collected and injected in splitless mode. 
The instrument parameters were set as previously described (Concepcion et al., 2018; Daygon et al., 
2016) and the full details of the protocol i.e. chromatogram alignment parameters, GC × GC program 
settings and MS conditions are presented in Appendix B adapted from (Daygon et al., 2017). The 
separation was made first in the primary column (Agilent DB-624UI; 6 % cyanopropyl phenyl, 94 % 
polydimethyl siloxane, 30 m × 250 µm × 1.4 µm; Agilent, CA, USA) then on the secondary column 
(Stabilwax crossbond polyethylene glycol; 0.9m × 250µm × 0.50µm; Restek, Bellefon, USA) and 
helium (99.9999%; flow rate= 1mL/min) was used as carrier gas.  
Identification of volatile compounds was done by using NIST 11 v 2.0 library and in-house library 
made by running 24 authentic reference standards of lipid oxidation volatile compounds (Table 3-1). 
Volatile compounds were putatively identified using mass spectra only when standards were not 
available. In this case the compounds that had ≥ 80% similarity with NIST library were taken into 
consideration. Hexanal was quantified through standard curves (Figure 3-1).  
 
Figure 3-1. Standard curve for quantifying hexanal by GC × GC/TOF-MS. 
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3.3.6 Statistical analysis 
Hydroperoxide data were analysed by one-way analysis of variance and Tukey’s test using R 
Statistical software.  
After pre-processing the volatile oxidation data, the mean values of the three biological replicates of 
peak areas was explored by PCA to get a qualitative overview. The PCA models were built on the 
average of the measured data and full cross-validation was done. To gain more quantitative 
information about the relationship between design variables and volatile oxidation data, PLS analysis 
was performed. The X-variables were the design factors: X= antioxidants (BHA (B) and no 
antioxidant (N)), storage days (1, 5, 15, 26, 33, 62 and 92) and temperature (4 °C, 15 °C and 38 °C)). 
The Y-variables were analytical measurements of volatile oxidation products. Discriminant PLS (D-
PLS) model was made on volatile oxidation products for samples stored at 38 °C. The X-variables 
were the analytical measurements of volatile oxidation products, the Y-variables were design factors: 
Y= antioxidants (BHA (B) and no antioxidant (N)), storage days (1, 5, 15, 26, 33, 62 and 92) and 
replicates (R1, R2, R3 and Average) Variable importance for the projection (VIP) scores summarise 
the importance of the variables both to explain X and to correlate to Y. VIP scores larger than or close 
to 1 are treated to be important to description of X and its correlation with Y (Daygon et al., 2016). 
All multivariate data analyses were performed using software Simca V14 (Umetrics) on log 
transformed variables. Log transformation of data reduces the skewness and heteroscedasticity of the 
data. To allow equal reflection of variation in data for the low concentrated volatile compounds, the 
variables were Pareto-scaled (Calingacion et al., 2015; Daygon et al., 2016).  
 Results and Discussion 
Oxidative stability of samples (mayonnaise with BHA and without BHA) was evaluated by headspace 
analysis of volatile profiles at 1, 5, 15, 26, 33, 62 and 92 days of storage at 4 °C, 25 °C and 38 °C. In 
this way, the effect of temperature, antioxidant and storage time on the production of volatile 
oxidation compounds could be investigated. Multivariate data analysis was used to gain a better 
understanding of the complex effect of temperature, BHA (antioxidant) and storage time on the 
oxidation volatiles. After initial description of the overall PCA and PLS model, the volatile 
composition and its evolution during oxidation at 38 °C are described and discussed in detail.  
With headspace analysis, more than 50 volatile compounds (similarity match ≥80% after removal of 
column compounds and other contaminants) were present in the oil extracted from mayonnaise, 
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which are listed in Table 3-3. Amongst detected compounds there were alcohols, alkanals, ketones, 
2-alkenals, 2,4-alkadienals, esters, alkanes and aromatic hydrocarbons, which are lipid oxidation 
products (Frankel, 1985; Kochhar, 1996). In addition, some cyclic compounds that were produced 
from polyunsaturated fatty acids, such as furan, which has been pointed out to be the reason for off 
flavour in soy bean oil (Kochhar, 1996) were identified. Several compounds that were identified in 
this study are associated with lipid oxidation in other mayonnaise systems and bulk oil systems 
specially: hexanal, 1-octen-3-one, heptanal, octanal and 2,4-heptadienal (Jacobsen, Hartvigsen, Lund, 
Adler-Nissen, Hølmer, et al., 2000). 
3.4.1 Oxidative changes in mayonnaise during storage at 4 °C, 25 °C and 38 °C  
To gain an overall view of the differences among samples, PCA was performed on volatile oxidation 
data. The first two principal components of PCA explained 75% of the variation in the volatile 
compounds, describing differences in the volatile oxidation compounds between samples stored at 4, 
25 and 38 °C for 92 days (Figure 3-2). In the score plot of PCA analysis (Figure 3-2), samples stored 
at 4 °C showed a diagonal shift from the second quadrant to the third quadrant as storage time 
progressed. This grouping of samples into two quadrants indicates that storage time did affect the 
samples even, when they are stored at 4 °C. Samples stored at 25 °C moved diagonally downwards 
from the second quadrant through the third quadrant into fourth quadrant while samples stored at 38 
°C moved from the first quadrant into the fourth quadrant furthest along PC1. These different patterns 
between samples stored at different temperatures demonstrate a more pronounced effect of high 
temperature on lipid oxidation in mayonnaise during storage and indicate that a pattern is followed 
as the samples change. The storage temperature groups were differentiated mainly along PC1.  
PLS analysis was evaluated to gain quantitative information about relationships between design and 
data variables. In the correlation loadings plot (Figure 3-3), PC1 spanned two groups; design variable 
T4 to the left whereas the design variable T38 was located to the right. This distribution shows that 
the oxidation process that happens at low temperature is different to that at high temperature. Storage 
time (day (D)) as a design variable was located diagonally in the first and third quadrant. While, the 
antioxidant design variable (A) was close to the centre, indicating that this model poorly explained 
the antioxidant variable.  
To study the effect of design variables on volatile oxidation compounds, regression coefficients of 
hexanal, a marker of lipid oxidation in sunflower oil (Cao, Deng, et al., 2014), determined by PLS 
were analysed. A positive (negative) regression coefficient corresponds to a positive (negative) 
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correlation between the variables. A significant positive correlation between increasing temperature 
and the amount of hexanal was observed (Figure 3-4). In contrast, incorporation of BHA resulted in 
a significant negative correlation of hexanal. In general, lipid oxidation during storage of mayonnaise 
is clearly demonstrated by formation of volatile oxidation products, especially at higher temperatures. 
The value of regression coefficient for T38 (0.3) was much higher compared to other design variables 
that shows the more pronounced effect of temperature compared to other variables.  
 
Figure 3-2. Scores plot of PCA (PC1 (65%) vs PC2 (10%)) on volatile compounds detected in mayonnaise. Samples 
stored at 4 °C (●) 25 °C (■) and 38 °C (▲), with BHA (B) and without BHA (N) followed by number of storage days. 
Ellipse represents r2 ꞊ 100% explained variance. 
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Figure 3-3. Correlation loadings plot of PLS analysis (PC1 vs PC2) on volatile compounds detected in mayonnaise. X 
design variables (●): Days of storage (D 1, 5, 15, 26, 33, 62, 92), temperature (T 4, 25, 38) and Antioxidant (AN (no 
antioxidant), AB (BHA)). Y data variables (○): each volatile compound is represented by its peak number. PC 1 and PC 
2 explain 14 and 12 % of variations in X-variable and 42 and 5 % of variation in Y-variable.  
 
Figure 3-4. Standardized, estimated regression coefficients and significant indications (grey colour) from PLS prediction 
models for the volatile oxidation compounds. Significance of regression coefficients, p<0.1. 
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Table 3-3. Volatile compounds detected in the headspace of mayonnaise by two-dimensional gas chromatography time-of-flight mass spectrometry; mean ± SD, n=3). 
Peak  Compound (molecular weight) Identificationa 
Peak area after storage forb 
Day 1 Day 5 Day 15 Day 26 Day 33 Day 62 Day 92 
Alcohols (7) 
33 1-butanol (74) NIST+std 0.03 ± 0.00 0.14 ± 0.01 0.08 ± 0.00 0.96 ± 0.27 0.21 ± 0.01 1.392 ± 0.25 1.86 ± 0.19 
13 1-pentanol (88) NIST+std 0.01 ± 0.01 0.06 ± 0.0 0.54 ± 0.38 1.50 ± 1.00 2.27 ± 0.23 6.92 ± 0.48 12.21 ± 1.43 
10 2-penten-1-ol (86) NIST+std 0.04 ± 0.00 1.35 ± 0.12 3.95 ± 0.11 7.36 ± 2.93 9.69 ± 2.42  15.66 ± 4.12 21.85 ± 2.01 
70 2-methyl-2-pentanol (102) NIST NDc 0.08 ± 0.02 0.08 ± 0.03 0.55 ± 0.24 0.10 ± 0.01 0.20 ± 0.14 0.13 ± 0.00 
8 1-octen-3-ol  (114) NIST+std ND ND 0.78 ± 0.51 3.17 ± 3.11 5.44 ± 1.735 17.66 ± 4.49 15.07 ± 21.31 
74 2-ethylpentanol (116) NIST 0.02 ± 0.01 0.03 ± 0.01 0.06 ± 0.02 0.14 ± 0.11 0.05 ± 0.01 0.11 ± 0.08 0.25 ± 0.03 
35 4-ethylcyclohexanol (128) NIST+std ND ND 0.07 ± 0.03 0.49 ± 0.25 1.00 ± 0.04 4.32 ± 0.45 6.58 ± 0.32 
Acids (1) 
19 acetic acid (60) NIST 5.37 ± 8.66 5.841 ± 9.59 0.28 ± 0.04 0.33 ± 0.04 0.22 ± 0.20 0.33 ± 0.02 1.69 ± 0.05 
Esters (1) 
60 Ethenyl hexanoate (142) NIST ND ND ND 0.01 ± 0.01 0.06 ± 0.00 0.51 ± 0.15 0.87 ± 0.05 
Saturated hydrocarbons (12) 
65 decane (142) NIST 0.01 ± 0.00 0.07 ± 0.02 0.08 ± 0.04 0.30 ± 0.12 0.18 ± 0.07 0.37 ± 0.14 0.66 ± 0.04 
20 4-methyldecane (156) NIST 0.19 ± 0.09 1.03 ± 0.24 1.14 ± 0.62 3.12 ± 1.39 1.79 ± 0.39 3.25 ± 1.21 6.07 ± 0.35 
9 2,2-dimethylheptane (128) NIST 5.11 ± 0.85 3.01 ± 0.65 8.79 ± 0.98 6.52 ± 3.20 3.88 ± 0.17 4.71 ± 1.33 6.91 ± 0.52 
29 2,4-dimethylhexane (114) NIST 0.13 ± 0.06 0.63 ± 0.16 0.86 ± 0.46 2.08 ± 0.97 1.28 ± 0.20 2.35 ± 0.82 4.07 ± 0.21 
27 2,5-dimethylhexane (114) NIST 2.73 ± 0.38 4.88 ± 0.55 7.67 ± 1.56 11.41 ± 3.39 6.04 ± 2.13 6.72 ± 1.60 9.19 ±00.75 
44 3-methylhexane (100) NIST 0.01 ± 0.01 0.02 ± 0.00 0.05 ± 0.02 0.32 ± 0.19 0.76 ± 0.51 1.702 ± 0.25 5.70 ± 4.69 
4 3-ethylhexane (114) NIST 4.42 ± 1.04 13.24 ± 2.29 25.58 ± 10.65 37.97 ± 11.56 33.25 ± 9.63 58.29 ± 13.37 105.62 ± 11.85 
57 3,3-dimethyloctane (142) NIST 0.14 ± 0.01 0.15 ± 0.19 0.33 ± 0.1 0.63 ± 0.22 0.28 ± 0.06 0.44 ± 0.10 0.77 ± 0.03 
73 3,5-dimethyloctane (142) NIST 0.17 ± 0.07 0.37 ± 0.18 0.42 ± 0.17 1.52 ± 0.69 0.78 ± 0.13 1.32 ± 0.38 2.35 ± 0.18 
23 4-methyloctane (128) NIST 0.17 ± 0.09 0.90 ± 0.23 0.98 ± 0.54 2.52 ± 1.08 0.97 ± 0.22 1.59 ± 0.45 2.31 ± 0.16 
52 2,6-dimethylundecane (184) NIST 0.28 ± 0.08 0.88 ± 0.11 1.00 ± 0.58 2.57 ± 1.17 1.54 ± 0.41 2.89 ± 1.20 5.27 ± 0.52 
31 tetradecane (198) NIST+std ND 0.04 ± 0.02 0.03 ± 0.01 0.29 ± 0.26  0.22 ± 0.18 0.81 ± 0.50 1.36 ± 0.37 
32 4-methyloctane (128) NIST 0.17 ± 0.03 0.9 ± 0.11 0.98 ± 0.03 2.52 ± 0.4 0.97 ± 0.3 1.59 ± 0.2 2.31 ± 0.4 
Monounsaturated hydrocarbons (1) 
9 3-octene (112) NIST+std 0.10 ± 0.03 1.16 ± 0.24 3.07 ± 0.46 4.04 ± 0.93 3.71 ± 0.46 5.38 ± 1.02 8.27 ± 1.49 
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Peak  Compound (molecular weight) Identificationa 
Peak area after storage forb 
Day 1 Day 5 Day 15 Day 26 Day 33 Day 62 Day 92 
Diunsaturated hydrocarbons (1)  
62 1,3-octadiene (110) NIST ND 0.03 ± 0.00 0.06 ± 0.01 0.09 ± 0.03 0.27 ± 0.14 0.86 ± 0.23 1.32 ± 0.03 
Cyclic hydrocarbons (1) 
24 cyclobutene, 2-propenylidene- (92) NIST 0.28 ± 0.15 0.78 ± 0.15 0.43 ± 0.05 1.77 ± 0.69 1.03 ± 0.08 3.552 ± 1.14 7.59 ± 0.89 
Terpenes (2) 
51 limonene (136) NIST+std 0.09 ± 0.02 0.07 ± 0.02 0.06 ± 0.02 0.07 ± 0.03 0.06 ± 0.02 0.08 ± 0.00 0.10 ± 0.00 
46 α-pinene (136) NIST 0.02 ± 0.01 0.17 ± 0.06 0.01 ± 0.01 0.13 ± 0.08 0.02 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 
Monoaromatic hydrocarbons (3) 
43 ethylbenzene (106) NIST 0.03 ±0.00 0.04 ± 0.01 0.07 ± 0.02 0.07 ± 0.02 0.08 ± 0.00 0.10 ± 0.02 0.13 ±0.01 
67 o-Xylene (106) NIST 0.03 ± 0.01 0.06 ± 0.02 0.05 ± 0.01 0.12 ± 0.04 0.05 ± 0.01 0.062 ± 0.01 0.07 ± 0.01 
55 p-Xylene (106) NIST+std 0.08 ± 0.03 0.08 ± 0.03 0.07 ± 0.03 0.25 ± 0.12 0.09 ± 0.02 0.09 ± 0.02 0.12 ± 0.00 
Ketones (3) 
49 2-pentanone (86) NIST+std 0.08 ± 0.02 0.37 ± 0.12 0.15 ± 0.01 0.62 ± 0.13 0.24 ± 0.01 0.33 ± 0.04 0.40 ± 0.07 
27 2-heptanone (114) NIST+std ND 0.04 ± 0.00 0.07 ± 0.01 0.10 ± 0.07 0.19 ± 0.03 1.52 ± 0.61 2.86 ± 0.28 
50 1-octen-3-one (126) NIST+std ND 0.05 ± 0.02 0.13 ± 0.05 0.35 ± 0.26 0.35 ± 0.07 0.54 ± 0.4 1.47 ± 0.04 
47 3-methyl-3-buten-2-one (84) NIST ND 0.06 ± 0.01 0.09 ±0.02 0.07 ±0.01 0.09 ±0.02 0.08 ± 0.01 0.07 ±0.03 
Alkanals (7) 
35 2-methylbutanal (86) NIST ND 0.03 ± 0.02 0.16 ± 0.16 0.55 ± 0.23 0.72 ± 0.29 0.83 ± 0.75 2.66 ± 1.41 
6 3-methylbutanal (86) NIST ND 0.19 ± 0.09 2.47 ± 2.50  8.16 ± 6.00  10.05 ± 5.57  25.73 ± 10.60 44.85 ± 43.02 
7 pentanal (86) NIST+std 0.87 ± 0.18 2.58 ± 0.28 5.94 ± 0.35 11.94 ± 3.44 19.63 ± 2.99 41.25 ± 6.94 59.25 ± 17.04 
1 hexanal (100) NIST+std 1.59 ± 0.33 4.20 ± 0.55 14.31 ± 0.297 41.98 ± 18.17  79.14 ± 5.14 200.27 ± 29.71 240.67 ± 112.89 
48 heptanal (114) NIST+std 0.04 ± 0.01 0.07 ± 0.03 0.13 ± 0.03 0.32 ± 0.18 0.38 ± 0.05 1.15 ± 0.19 2.30 ± 0.3 
63 octanal (128) NIST+std 0.04 ± 0.01 0.05 ± 0.01 0.08 ± 0.02 0.12 ± 0.03 0.12 ± 0.02 0.29 ± 0.02 0.69 ± 0.06 
12 nonanal (142) NIST+std 0.04 ± 0.03 0.11 ± 0.02 0.11 ± 0.06 0.17 ± 0.05 0.18 ± 0.01 0.30 ± 0.03 0.60 ± 0.02 
Alkenals (5) 
61 2-pentenal (84) NIST+std ND 0.04 ± 0.00 0.14 ± 0.09 0.29 ± 0.17 0.35 ± 0.04 0.65 ± 0.1 0.77 ± 0.1 
20 3-hexenal (98) NIST ND 0.04 ± 0.00 0.36 ± 0.16 1.25 ± 0.64 1.99 ± 0.11 5.68 ± 1.28 8.23 ± 0.79 
19 2-heptenal (112)  NIST+std 0.02 ± 0.01 0.11 ± 0.02  1.19 ± 0.33 2.80 ± 1.44 4.30 ± 0.24 11.01 ± 2.48 16.16 ± 1.47 
33 4-heptenal (112) NIST+std ND ND 0.07 ± 0.02 0.18 ± 0.09 0.35 ± 0.06 1.12 ± 0.09 2.53 ± 1.32 
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Peak  Compound (molecular weight) Identificationa 
Peak area after storage forb 
Day 1 Day 5 Day 15 Day 26 Day 33 Day 62 Day 92 
69 2-octenal (126) NIST+std ND ND 0.08 ± 0.04 0.824 ± 0.55 2.12 ± 0.16 8.61 ± 1.82 13.73 ± 1.31 
Dialkenals (1) 
54 2,4-heptadienal (110) NIST+std ND 0.03 ± 0.00 0.07 ± 0.03 0.25 ± 0.28 0.30 ± 0.14 0.71 ± 0.16 0.94 ± 0.11 
Aromatic aldehydes (3) 
37 benzaldehyde (106) NIST 0.05 ± 0.02 0.06 ± 0.01 0.14 ± 0.02 0.30 ± 0.17 0.36 ± 0.05 0.85 ± 0.18 1.94 ± 0.10 
26 benzeneacetaldehyde (120) NIST ND 0.04 ± 0.01 0.12 ± 0.04 0.38 ± 0.28 0.53 ± 0.27 2.29 ± 0.54 4.26 ± 0.73 
51 4-methyl-3-cyclohexen-1-carbaldehyd (124) NIST ND ND 0.10 ± 0.04 0.12 ± 0.05 0.20 ± 0.04 0.64 ± 0.21 1.55 ± 0.21 
Furan derivatives (4) 
17 2-ethylfuran (96) NIST 0.02 ± 0.00 0.40 ± 0.08 1.57 ± 0.26 3.07 ± 1.60  4.34 ± 0.94 8.89 ± 2.53 16.39 ± 1.94 
16 2-propylfuran (110) NIST ND ND 0.14 ± 0.12 0.81 ± 0.51 1.15 ± 0.20 3.96 ± 1.40 10.06 ± 1.27 
11 2-n-Butyl furan (124) NIST ND ND 0.11 ± 0.06 0.71 ± 0.49 1.95 ± 0.32 9.82 ± 2.64 22.05 ± 2.69 
5 2-pentylfuran (138) NIST+std 0.13 ± 0.06 0.27 ± 0.05 1.86 ± 0.72 6.61 ± 4.30 12.58 ± 2.64 65.52 ± 16.88 170.62 ± 18.84 
a: NIST+std: identified by means of authentic standards, NIST: putatively identified on MS fragmentation patterns and NIST library 
b: samples stored at 38 °C without BHA and their abundances, expressed as area counts of their mass spectra divided by 105, obtained as average of three determinations. 
c: ND: not detected.
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The concentration of hexanal (Table 3-4) shows that the content of hexanal in mayonnaise stored at 
day 5 of accelerated storage (38 °C) might be able to be used to predict the concentration of hexanal 
at day 62 of room temperature (25 °C). The content of hexanal in mayonnaise at day 5 at room 
temperature could be used to predict the corresponding compound at 92 days of storage at 4 °C. At 
lower temperatures the rate of lipid oxidation decreases (Yang et al., 2005). Based on these results 
for our future studies we could store samples at 38 °C for accelerating oxidation. 
Table 3-4. Hexanal concentration (ppm) in the headspace of mayonnaise samples without BHA stored at 4, 25 and 38 °C. 
Mayonnaise  
Hexanal concentration (ppm) 
Day 1 Day 5 Day 15 Day 26 Day 33 Day 62 Day 92 
4 °C 0.04 ± 0.02 0.06 ±0.03 0.08 ±0.02 0.20 ± 0.12 0.55 ± 0.36 0.47 ± 0.23 0.99 ± 0.12 
25 °C 0.04 ± 0.02 1.10 ±0.12  1.34 ± 0.05 3.99 ± 0.35 2.93 ± 0.14 8.23 ± 0.46 16.97 ± 3.96 
38 °C 0.04 ± 0.02 7.71 ± 1.32 31.63 ± 7.03 72.29 ± 1.49 185.08 ± 12.16 471.80 ± 70.32 567.43 ± 218.17 
Values are expressed as mean ± standard deviation (n = 3).  
In these analyses, differences in the volatile profile between samples stored at 4, 25 and 38 °C were 
observed. Generally, it was found that samples stored at 4 and 25 °C did not show as many volatile 
compounds as those identified for samples stored at 38 °C, as is shown by the correlation loadings 
plot, most of the volatile compounds in the loadings plot were located near 38 °C (T 38 design variable 
(Figure 3-3). Hence, this observation indicated that 38 °C is positively correlated with a high 
concentration of most of the volatile compounds. Therefore, lowering temperature inhibited the 
formation of certain volatile compounds. A comparison of volatile compounds generated at different 
temperatures indicated that a compound identified as 4-ethylcyclohexanol (with an authentic 
standard) was not detected in samples stored at 4 °C nor in samples stored at 25 °C but was detected 
in samples stored at 38 °C during 92 days of storage. 4-ethylcyclohexanol was previously detected in 
sunflower oil stored for 90 months at room temperature (Guillen & Goicoechea, 2008). Based on this 
finding, using 4-ethylcyclohexanol as an indicator of a more advanced stage of lipid oxidation is 
suggested. In addition, more volatile compounds such as 3-hexenal, 2-heptanone, 
benzeneacetaldehyde, 2-methylbutanal, 1-octen-3-one and 2,4-heptadienal, were not detected in 
samples stored at 4 °C during 92 days of storage. The nature and concentration of compounds 
generated at 38 °C are different to those produced at low temperature (25 °C and 4 °C). These 
differences could be due to differences in nature and proportion of intermediate compounds produced 
and the timing of their production (Guillén & Goicoechea, 2007). 
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3.4.2 Evolution of volatile composition during oxidation process of mayonnaise stored at 38°C 
and effect of BHA 
Due to slower oxidation rates at 4 °C and 25 °C, only samples stored at 38 °C were selected for further 
analyses, as the oxidation process at different stages. Could be evaluated 
3.4.2.1 Changes to the peroxide value 
By studying the formation of primary oxidation products during storage at 38 °C, information about 
the oxidation status and further degradation to volatile compounds could be gained. The concentration 
of hydroperoxides formed in samples without an antioxidant in the mixture increased by a factor of 
3 during the first 33 days and then decreased from day 33 to 62 (Figure 3-5). The decrease in 
hydroperoxide concentration is due to decomposition into secondary oxidation products such as 
aldehydes, ketones, alcohols and hydrocarbons (Bartosz & Kolakowska, 2010; Guillén & 
Goicoechea, 2007), whereas samples with BHA did not change during the first 33 days of storage. 
The results show the protective effect of BHA on inhibiting the formation of hydroperoxides. 
 
Figure 3-5. Effect of BHA on hydroperoxides concentration (mM) of samples stored at 38 °C without BHA (■) and with 
BHA (□). Results are means of triplicate analysis. Error bars show standard errors. 
3.4.2.2 Volatile secondary oxidation products from samples stored at 38 °C 
Headspace analysis of oil extracted from mayonnaise showed that more than 50 volatile compounds 
were produced during storage (Table 3-3). The number and concentration of compounds in samples 
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stored for a longer time (92 days) were higher than those compounds found in non-oxidised samples 
indicating increase in oxidation level. However, some compounds either slightly decreased or slightly 
increased from day 1 to 92 such as α-pinene, limonene and p-xylene thus these compounds are not 
considered to contribute to development of off flavour. As previously described (Jacobsen, 
Hartvigsen, Lund, Meyer, Adler-Nissen, Holstborg, & Hølmer, 1999; Jacobsen, Hartvigsen, Lund, 
Thomsen, et al., 2000) some compounds like limonene are present from other ingredients added in 
the mayonnaise and are not considered to be derived from lipid oxidation.  
Discriminant PLS was used to determine the effect of storage time and antioxidant presence on 
volatile oxidation products. First ten individual volatile compounds with the VIP higher than 1.0 are 
listed in Table 3-5. These compounds originate from the degradation of linoleic and linolenic acid 
(Figure 3-6). Also, some compounds are the products of catabolism of amino acids. Among these 
compounds, five come from the degradation of linoleic acid, three come from the degradation of 
linolenic acid and one come from catabolism of amino acid (Table 3-5). We assume that by inhibiting 
the formation of above mentioned compounds a good oxidative stability could be reached and these 
compounds could be used in other studies for evaluating oxidative stability of sunflower oil 
mayonnaise. To interpret the effect of BHA and storage time on the formation of volatiles, the 
regression coefficients for the design variables were studied (Table 3-5). The addition of BHA to 
mayonnaise had a significant negative correlation for the 10 most discriminating compounds while 
storage time had a significant positive correlation. This is further explored below.  
Table 3-5. The variables important in the projection value (VIP) in D-PLS model of volatile compounds. Significant 
regression coefficients for volatile compounds in mayonnaise stored at 38 °C in PLS model. 
Volatile compound VIP Assumed origin 
Regression coefficient 
A(B) A(N) D(92) 
3-hexenala 1.290 Linolenic - + + 
pentanalb 1.285 Linoleic - + + 
2-heptenalb 1.284 Linoleic - + + 
2-ethylfurana 1.275 Linolenic - + + 
hexanalb 1.274 Linoleic - + + 
benzeneacetaldehydea 1.266 amino acid catabolism - + + 
2-pentylfuranb 1.265 Linoleic - + + 
3-methylhexanea 1.259 - - + + 
1-pentanolb 1.256 Linoleic - + + 
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Volatile compound VIP Assumed origin 
Regression coefficient 
A(B) A(N) D(92) 
2,4-heptadienalb 1.254 Linolenic - + + 
a: NIST: putatively identified on MS fragmentation patterns and NIST library. 
b: NIST+std: identified by means of authentic standards. 
-: indicates the significant negative regression coefficient (p <0.05). 
+: indicates the significant positive regression coefficient (p <0.05).  
Only 4 alcohols were identified in very low proportions in the headspace of the non-oxidised sample 
but the concentration and number of these increased significantly as storage progressed to 92 days 
(Table 3-3). Among the alcohols that were identified are 1-pentanol which is derived from 13-alkoxy 
radical of linoleic acid (Keszler et al., 2000) (Figure 3-6) and undergoes the highest increase in its 
concentration, followed by 1-octen-3-ol and 2-penten-1-ol, which are derived from 10-
hydroperoxides of linoleic acid and linolenic carboxyl group respectively (Frankel, 1983; Goicoechea 
& Guillén, 2014; Matsui, Sasahara, Akakabe, & Kajiwara, 2003). Previously, 2-penten-1-ol was 
found to have a predominant increase in level and to have an unpleasant odour in fish oil mayonnaise 
(Jacobsen, Adler-Nissen, et al., 2000). Alcohols might have low flavour impact in mayonnaise 
because of their relatively high odour threshold values, unless present in high concentration 
(Jacobsen, Adler-Nissen, et al., 2000; Kochhar, 1996; Shimoda, Peralta, & Osajima, 1996). However, 
the sensory impact of alcohols in mayonnaise has yet to be investigated.  
Interestingly, no ester was detected in the headspace of the non-oxidised sample while only ethenyl 
hexanoate, was detected in oxidised samples. Esters are the products of esterification of alcohols with 
carboxylic acids. Ethenyl hexanoate is formed from hexanoic acid (derived from 13-hydroperoxides 
of linoleic carboxyl groups) (Goicoechea & Guillén, 2014) and ethenol. In samples without 
antioxidant, a 26 days lag phase, before a statistically significant increase in peak area is observed, 
while the lag phase was longer (33 days) in samples with BHA (Figure 3-7). The results show that 
BHA could inhibit the formation of hexanoic acid and the lower level of hexanoic acid means less 
ester is produced. Alternatively, BHA may have a role in inhibiting the formation of ethenol. 
Although hydrocarbons usually do not have significant sensory impact on oxidised oil because of 
their high odour threshold (Jacobsen, 1999; Jacobsen, Adler-Nissen, et al., 2000; Min & Boff, 2002), 
several hydrocarbons (saturated, monounsaturated, diunsaturated, cyclic and mono aromatic) and 
terpenes in mayonnaise were detected (Table 3-3). Hydrocarbons have been detected previously in 
non-oxidised oil, primarily linear hydrocarbons (Guillen & Goicoechea, 2008) as hydrocarbons in 
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fresh sample could be detected. Moreover, increase in oxidation level led to higher proportion and 
concentration of saturated, unsaturated, cyclic and aromatic hydrocarbons.  
Regarding monoaromatic hydrocarbons, o-xylene, p-xylene and ethylbenzene were also identified in 
fresh samples (Table 3-3). The presence of alkyl benzenes (methyl or dimethyl) has been previously 
reported in non-oxidised oil (Uriarte & Guillén, 2010; Vichi, Pizzale, Conte, Buxaderas, & López-
Tamames, 2005). The origin of these compounds could be from metabolism of the plant from which 
the oil comes from, or environmental contamination. O-xylene and p-xylene were detected in fresh 
and oxidised samples (Table 3-3) and the concentration of these compounds was almost constant as 
the oxidation level increased. Therefore, these compounds did not originate from the oxidation 
process (Jacobsen, Hartvigsen, Lund, Thomsen, et al., 2000). On the other hand, putatively identified 
ethylbenzene increased as the oxidation degree increased. Alkyl benzene derivatives could originate 
from unsaturated free radicals, developed in the oxidation process. Reactions between secondary 
oxidation products that are unsaturated could trigger the molecules o form alkyl benzene derivatives 
(Guillén, Goicoechea, Palencia, & Cosmes, 2008).  
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Figure 3-6. (A) breakdown products of 10/11 alkoxyl radical of oleic acid. (B) breakdown products of 13/12 alkoxyl 
radical of linoleic acid. (C) breakdown products of 12/13 alkoxyl radical of linolenic acid. The information in this figure 
is adapted from Keszler et al. (2000) and Frankel (1983).  
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Figure 3-7. Formation of volatile secondary oxidation products in mayonnaise stored at 38 °C without BHA (■) and with BHA (□) during storage of 92 days.
64 
 
Terpenes are formed as metabolic products in plants (Goicoechea & Guillén, 2014). They can be 
found in non-oxidised vegetable oils (Guillen & Goicoechea, 2008). D-limonene and α-pinene were 
detected in the headspace of fresh sample. However, as the oxidation level of samples increased, the 
content of D-limonene and α-pinene stayed almost constant during storage. We could assume that 
terpenes are not related to lipid oxidation, which agrees with results obtained in other studies on fish 
oil mayonnaise and corn oil (Goicoechea & Guillén, 2014; Jacobsen, Hartvigsen, Lund, Meyer, 
Adler-Nissen, Holstborg, & Holmer, 1999). On the contrary, a study on oxidised sunflower oil stored 
at room temperature reported a relationship between the oxidation level and increase in the number 
and concentration of terpenes (Guillen & Goicoechea, 2008).  
Ketones increased in number and proportion as the oxidation level increased. Among the ketones, 2-
heptanone, derived from linoleic carboxyl groups (Gardner & Selke, 1984; Keszler et al., 2000), 
underwent the highest increase in concentration during 92 days of storage followed by 1-octen-3-one. 
2-heptanone was detected in oxidised sunflower oil, soybean oil and fish oil mayonnaise (Guillen & 
Goicoechea, 2008; Jacobsen, Adler-Nissen, et al., 2000; Kochhar, 1996). Figure 3-7 shows a lag 
phase of 5 days in both samples, with and without BHA, before the concentration of 2-heptanone 
started increasing. The antioxidative effect of BHA is clearly seen from day 33 to 92 of storage at 38 
°C. BHA may not have had much influence on inhibiting the primary oxidation product precursor to 
2-heptanone, but it did have an influence on the conversion of that primary product to the secondary 
product (i.e. 2-heptanone). 
In any lipid oxidation process, aldehydes are considered very important compounds regarding flavour 
alteration and from a toxicological perspective (Frankel, 1983, 1993). Alkanals, alkenals, alkadienals, 
and aromatic aldehydes are among detected aldehydes. Alkanals like pentanal, hexanal, heptanal, 
octanal and nonanal were identified in the headspace of fresh samples and their proportion increased 
as the oxidation level increased (Table 3-3). Among these alkanals, hexanal has the highest increase 
in proportion followed by pentanal, both derived from 13-hydroperoxides of linoleic acid (Figure 
3-6) (Frankel, 1985; García-Llatas, Lagarda, Romero, Abellán, & Farré, 2007; Roozen, Frankel, & 
Kinsella, 1994; Wang et al., 2016), and 3-methylbutanal. 3-methylbutanal is a branched short 
aldehyde that might have originated from deamination of amino acids (Dehaut et al., 2014; Shimoda 
et al., 1996). It has low odour threshold that could contribute to fishy off-flavour and overall off-
flavour of foods (Jacobsen, Adler-Nissen, et al., 2000; Milo & Grosch, 1995; Shimoda et al., 1996). 
Hexanal was found to be a good oxidation indicator for sunflower oil (Cao, Deng, et al., 2014; Cao, 
Zou, et al., 2014). The concentration of hexanal increased without any lag phase and from day 5, 
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BHA reduced the amount of hexanal and the concentration of hexanal was lower in samples 
containing BHA until the end of storage. BHA could effectively reduce the formation of hexanal. 
BHA significantly (p<0.5) decreased the amount of hexanal. 
Regarding alkenals, 2-heptenal had the greatest increase in concentration followed by 2-octenal, both 
derived from linoleic carboxyl groups (Frankel, 1985; Keszler et al., 2000). From day 15 of storage, 
4-heptenal was detected in oxidised samples. 4-heptenal was reported as one of the compounds 
responsible for a distinct fishy note in fish oil mayonnaise because of its low odour threshold 
(Jacobsen, Adler-Nissen, et al., 2000). As can be seen in Figure 3-7, the concentration of 2-heptenal 
started increasing without any lag phase, but addition of BHA decreased the amount of 2-heptenal 
from day 15 and the concentration of 2-heptenal continued to increase with lower proportions. On the 
other hand, only 2,4-heptadienal among alkadienals, derived from linolenic carboxyl groups (Figure 
3-6) (Frankel, 1985), was detected in our samples. Although, in a fresh sample 2,4-heptadienal was 
not detected in any significant level; its concentration increased during storage as the oxidation level 
increased. In fish oil mayonnaise, 2,4-heptadienal plays an important role in the development of fishy 
and rancid off-flavours, even when the mayonnaise is not significantly oxidised, based on chemical 
analyses (Jacobsen, Adler-Nissen, et al., 2000; Jacobsen, Hartvigsen, Lund, Meyer, Adler-Nissen, 
Holstborg, & Holmer, 1999). Regarding aromatic aldehydes (Table 3-3), one was detected in the fresh 
sample but the number and proportions of aromatic aldehydes increased as the storage time increased 
(Goicoechea & Guillén, 2014; Guillen & Goicoechea, 2008). The concentration of 
benzeneacetaldehyde increased more with the longer storage Figure 3-7 shows that there is a lag 
phase of five days before the concentration of benzeneacetaldehyde starts to increase. Addition of 
BHA decreased the amount of benzeneacetaldehyde from day 33 during storage; the concentration of 
benzeneacetaldehyde in samples with BHA was lower compared to samples without antioxidant.  
Transformation of α,β‐unsaturated aldehydes like 2,4-alkadienals or 4-hydroxy-(E)-2-alkenals 
derived from lipids may generate alkylfuran derivatives (Adams, Bouckaert, Van Lancker, De 
Meulenaer, & De Kimpe, 2011; Goicoechea & Guillén, 2014). The ones showing a higher 
concentration as storage progressed were 2-pentylfuran followed by 2-n-butyl furan, both derived 
from hydroperoxides of linoleic carboxyl groups (Frankel, Neff, & Selke, 1981; Gardner & Selke, 
1984). In samples without BHA, 2-pentylfuran concentration increased during storage (Figure 3-7). 
However, in samples with BHA, 2-pentylfuran concentration increased at a lower rate after 33 days 
of storage, showing the protective effect of BHA.   
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 Conclusion  
Volatile oxidation compounds identified in the headspace of mayonnaise stored at 4 °C, 25 °C and 
38 °C for 92 days include alcohols, hydrocarbons, alkanals, alkenals, alkadienals, ketones, and 
alkylfurans. These compounds are produced from break down of fatty acids present in sunflower oil. 
It is important to note that the formation of 4-ethylcyclohexanol increases as the oxidation degree of 
mayonnaise increases. 4-ethylcyclohexanol could be used as an indicator of more advanced lipid 
oxidation in mayonnaise. The nature and concentration of compounds generated at 38 °C are different 
to those that occur at low temperature (25 °C and 4 °C). These differences could be due to differences 
in nature and proportion of intermediate compounds produced and the timing of their production 
(Guillén & Goicoechea, 2007). The content of hexanal in mayonnaise at 1-5 days of storage at 38 °C 
could be used to predict the corresponding compound in mayonnaise at 1-62 days of storage at room 
temperature (25 °C). The content of hexanal in mayonnaise at 1-5 days of storage at room temperature 
could be used to predict the corresponding compound at 1-92 days of storage at 4 °C. The 10 most 
important discriminating compounds in the VIP in D-PLS model of volatile compounds during lipid 
oxidation of mayonnaise (at 38 °C for 92 days) are 3-hexenal, pentanal, 2-heptenal, 2-ethylfuran, 
hexanal, benzeneacetaldehyde, 2-pentylfuran, 3-methylhexane, 1-pentanol and 2,4-heptadienal. More 
than half of these compounds have a close relationship with the initial content of linoleic acid that 
agrees with the fatty acid profile of sunflower oil (~70% linoleic acid). These volatiles could be used 
as additional markers of oxidation in sunflower oil mayonnaise and by looking for a specific 
antioxidant that can inhibit the formation of them; good oxidative stability could be reached. It was 
also observed that BHA reduced the concentration of these compounds in varying degrees to different 
volatile oxidation compounds. The following compounds underwent the greatest increase in 
concentration in samples stored at 38 °C for 92 days: 1-pentanol (alcohols), ethenyl hexanoate 
(esters), 2-heptanone (ketones), hexanal (alkanals), 2-heptenal (alkenals), 2,4-heptadienal 
(dialkenals), and 2-pentylfuran (furan derivatives). The results show the protective effect of BHA on 
inhibiting the formation of hydroperoxides and later decomposition of hydroperoxides into volatile 
compounds. The knowledge obtained from this study could be used to rationally design antioxidant 
system for sunflower oil mayonnaise with high oxidative stability. The results of this chapter were 
used for finding out the storage condition and sampling time point of mayonnaise. To accelerate the 
lipid oxidation and be able to see different oxidation stages, temperature 38 °C and 60 days of storage 
has been chosen. The volatile oxidation compounds that are generated during oxidation of 
mayonnaise will be monitored and the effect of natural antioxidants on them will be studied.   
67 
 
Chapter 4 Lipid oxidation in mayonnaise vs bulk oil 
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 Abstract 
Interpreting the activity of antioxidants has been difficult due to the complex effect of lipid oxidation 
conditions and systems. The lipid oxidation process and the effect of BHA was evaluated in sunflower 
oil and mayonnaise systems. The rate of lipid oxidation was higher in mayonnaise compared to bulk 
oil that could be due to the high surface area that increases lipid interactions with aqueous phase pro-
oxidants. BHA, a non-polar antioxidant was more effective in a mayonnaise system than sunflower 
oil. The matrix plays an important role on the antioxidant efficacy. Differences seen in the efficacy 
of BHA in oil and mayonnaise could be explained by its affinity towards the oil-water interface in 
mayonnaise. The result of this chapter provides data that shows the importance of matrix and 
solubility of the antioxidant on its efficacy. 
 Introduction 
Sunflower oil comprises five main fatty acids: palmitic (16:0), stearic (18:0), oleic (18:1), linoleic 
(18:2) and linolenic (18:3) (Cao, Deng, et al., 2014; Guillén, Cabo, Ibargoitia, & Ruiz, 2005; Guillen 
& Goicoechea, 2008; Keszler, Kriska, & Németh, 2000; Uriarte & Guillén, 2010). As sunflower oil 
contains approximately 70% linoleic acid, which is an unsaturated fatty acid, it is susceptible to lipid 
oxidation (Jelen, Obuchowska, Zawirska-Wojtasiak, & Wasowicz, 2000; Marmesat, Morales, 
Velasco, & Dobarganes, 2012). Studies showed that the mechanism of lipid oxidation in an O/W 
emulsion is different from that in a bulk oil system (Takai et al., 2003). Butylated hydroxyanisole 
(BHA) is one of the most common synthetic antioxidant used in oil. BHA is a non-polar lipophilic 
antioxidant. Based on the “polar paradox” theory, non-polar antioxidants are more effective than their 
polar analogues in O/W emulsion systems (Frankel et al., 1994). However comparing activities of 
antioxidants is difficult to understand due to the differences in test conditions such as varying 
temperatures, the lipid structure and varying methods to determine oxidation level. There are many 
difficulties in interpereting the activity of BHA in bulk oil compared to mayonnaise. Therefore in this 
study the activity of BHA was studied in sunflower oil and mayonnaise stored at 38 °C. This stuy 
helps to provide a better understanding of antioxidant activity in the two systems which will be used 
in futue chapters. The aim of this study is to compare the activity of BHA which is a non-polar 
antioxidant in preventing lipid oxidation in two different matrixes i.e. mayonnaise (O/W emulsion) 
and bulk oil. The results of this study will help to predict the type of antioxidants that could prevent 
lipid oxidation in mayonnaise and will answer to the question that are antioxidants that are usually 
effective in bulk oil are also effective in mayonnaise? Lipid oxidation was monitored by measuring 
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hydroperoxides and lipid oxidation volatile compounds. The profile of lipid oxidation volatile 
compounds was studied by using multivariate data analysis and hexanal was quantified during storage 
of mayonnaise and oil.  
 Materials and Methods 
4.3.1 Materials 
Sunflower oil with and without butylated hydroxyanisole (BHA) added (200 mg/kg oil) was used. 
The oil had an initial hydroperoxide concentration of 0.2 mM; free fatty acids, 0.08%. Egg (liquid, 
frozen egg with 3% salt (NaCl)), white vinegar (10%, Cornwell’s) and sugar were supplied by 
Goodman Fielder Company (Sydney, Australia). 
4.3.2 Production of mayonnaise and storage experiment 
The mayonnaise samples were produced exactly as previously described in the section 3.3.2. 
Preparation and storage of mayonnaise (p.47). Two formulations of mayonnaise were made to assess 
the effect of antioxidant. The different types of products, antioxidant concentration and sample code 
are shown in Table 4-1. Samples were aseptically transferred in sterile specimen jars (75 mL) with 
caps and filled to the top, closed tightly (without headspace), and stored at 38 °C for 60 days in the 
dark. Sampling was performed at specific timed intervals (day 1, 30 and 60). At each of storage time 
point, a new jar was opened for each different type of sampling, that is, for GC × GC/TOF-MS and 
hydroperoxides analysis.  
Table 4-1. Sample details including antioxidant concentration and sample code. 
Product Antioxidant Sample code 
Concentration of 
antioxidant 
(mg/kg oil) 
Mayonnaise - MC - 
Mayonnaise Butylated hydroxyanisole (BHA) MB 200 
Oil - OC - 
Oil Butylated hydroxyanisole (BHA) OB 200 
4.3.3 Determination of endogenous tocopherols in sunflower oil 
The tocopherol content of the oil was determined by high performance liquid chromatography 
(HPLC, LCMS-2020, Shimadzu) according to the method described by Gimeno, Castellote, 
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Lamuela-Raventos, De La Torre, & Lopez-Sabater (2000 ) with some modifications. Oil samples 
were dissolved in isopropanol (25% v/v) and were filtrated through a 0.22 µm PTFE syringe filter 
and transferred into 2 ml glass vial. A quality assurance (QA) sample which was one ml of a mixture 
of all oil samples was placed into the sequence every ten samples. Samples were stored at -80 ºC 
before analysis. 
The injection volume was 5 µL. The mobile phase was methanol/water (98/2, v/v) with a flow rate at 
0.8 ml/min. The column was a Discovery® C18 HPLC Column (5 μm, 25 cm × 4.6 mm; Sigma-
Aadrich). The oven temperature was set at 45 ºC. A standard of α, γ and δ- tocopherol, dissolved in 
isopropanol were used for identification and quantification through standard curve which is presented 
in Appendix C.  
4.3.4 Analysis of fatty acid composition 
The fatty acid composition of the oil was determined by gas chromatography (GC–MS-QP2010 Ultra, 
Shimadzu Instruments, Singapore) according the method described by Concepcion et al. (2018).  
4.3.5 Determination of hydroperoxides 
Hydroperoxides were measured exactly as described in the section 3.3.4 (p.48). 
4.3.6 Determination of volatile compound 
The volatile compounds were measured as described in the section 3.3.5 (p.48). 
4.3.7 Statistical analysis 
Hydroperoxide data were analysed by one-way analysis of variance and Tukey’s test using R 
Statistical software. After pre-processing the volatile oxidation data, to get a qualitative overview the 
values of the three biological replicates, the dataset was explored by PCA. Discriminant PLS (D-PLS) 
model was made on volatile oxidation products of mayonnaise and bulk oil. The X-variables were the 
analytical measurements of volatile oxidation products, the Y-variables were design factors: Y= 
antioxidants (BHA and no antioxidant), storage days (1, 30 and 60), products (oil and mayonnaise) 
and replicates (R1, R2, R3 and Average). Variable importance for the projection (VIP) scores 
summarise the importance of the variables both to explain X and to correlate to Y. VIP scores larger 
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than or close to 1 are treated to be important to description of X and its correlation with Y (Daygon 
et al., 2016). All multivariate data analyses were performed using software Simca V14 (Umetrics). 
 Results and Discussion 
4.4.1 Composition of the sunflower oil. 
The characterisation of the oil used in the experiments is presented in Table 4-2. The highest fatty 
acid in sunflower oil is linoleic acid with 56.40 ± 0.06 % followed by oleic acid 32.94 %. 
Table 4-2. Sunflower oil analysis. 
Sunflower oil parametersa  
Acidity (g oleic acid/g oil) 0.08 ± 0.00 
Hydroperoxide concentration (mM) 0.2 ± 0.01 
Fatty acid (%)  
Palmitic acid (C16) 5.91 ± 0.02 
Stearic acid (C18) 3.44 ± 0.01  
Oleic acid (C18:1) 32.94 ± 0.02 
Linoleic acid (C18:2) 56.40 ± 0.06 
Linolenic acid (C18:3) 0.16 ±0.00 
Arachidic acid (C20) 0.22 ± 0.01 
11-Eicosenoic acid (C20:1) 0.18 ± 0.00 
Docosanoic acid (C22) 0.58 ± 0.01 
Tetracosanoic (C24) 0.17 ± 0.00 
Tocopherols (mg/kg)  
α 414 
γ 13 
δ 4.6 
aMean ± standard deviation (n=3). 
4.4.2 Hydroperoxide concentration during storage 
The concentration of hydroperoxides during storage of mayonnaise and oil is shown in Figure 4-1. 
Generally, the concentration of hydroperoxides increased during storage. However, rate of production 
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of hydroperoxides was higher in mayonnaise than oil. The effect of BHA on inhibiting production of 
hydroperoxides in mayonnaise was more pronounced compared to oil.  
 
Figure 4-1. The concentration of hydroperoxides (mM) in mayonnaises and oil during storage of 60 days. Results are 
means of triplicate analysis. Error bars show standard errors. MC (mayonnaise no antioxidant), MB (mayonnaise 
butylated hydroxyanisole), OC (oil no antioxidant) and OB (oil butylated hydroxyanisole) 
4.4.3 Determination of volatile compounds in mayonnaise vs oil 
As mentioned earlier in the Chapter 3, during lipid oxidation of mayonnaise, hydroperoxides 
decompose to secondary lipid oxidation products, which are volatile compounds. PCA was performed 
on volatile data. The first two principal components of PCA explained 84% of the variation in the 
volatile compounds, describing differences in the volatile oxidation compounds between mayonnaise 
and oil samples (Figure 4-2). In the score plot of PCA analysis, mayonnaise and oil samples on day 
one are in the same quarter and show no significant difference between them, but during storage 
separation between mayonnaise and oil samples was seen. Differences between mayonnaise samples 
with and without BHA is seen, but difference between oil samples with and without BHA could not 
be seen. In the PCA biplot most of the volatile compounds are located near mayonnaise samples 
stored for 60 days, which shows high rate of lipid oxidation in these samples (Figure 4-3). High rate 
of lipid oxidation in mayonnaise could be due to the high surface area that increases lipid interactions 
with aqueous phase pro-oxidants (Chaiyasit, Elias, McClements, & Decker, 2007). 
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Figure 4-2. Scores plot of PCA (PC1 (71%) vs PC2 (13%)) on volatile compounds detected in mayonnaise and oil. 
Samples stored for 1 day (●), 30 days (●) and 60 days (●). MC (mayonnaise no antioxidant), MB (mayonnaise butylated 
hydroxyanisole), OC (oil no antioxidant), OB (oil butylated hydroxyanisole). 
 
Figure 4-3. Biplot of PCA (PC1 (71%) vs PC2 (13%)) on volatile compounds ▲ detected in mayonnaise and oil. Samples 
stored for 1 day (●), 30 days (●) and 60 days (●). MC (mayonnaise no antioxidant), MB (mayonnaise butylated 
hydroxyanisole), OC (oil no antioxidant), OB (oil butylated hydroxyanisole). Each volatile compound is represented by 
its peak number (Appendix D). 
Discriminant PLS (D-PLS) was used to determine the difference of volatile oxidation products in 
mayonnaise and bulk oil. Volatile compounds with the VIP higher than 1.0 are listed in Table 4-3. 
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More than half of these compounds originated from the degradation of linoleic acid. The highest fatty 
acid in sunflower oil is linoleic acid (56.40%) therefore the most discriminating compounds in lipid 
oxidation in mayonnaise and oil originated from linoleic acid. 
Table 4-3. The variables important in the projection value (VIP) in D-PLS model of volatile compounds in mayonnaise 
and bulk oil.  
Volatile compound VIP Assumed origin 
dimethyldisulfide 1.18 - 
pentanoic acid 1.16 Linoleic acid 
2-pentenal 1.16 Linolenic acid 
2,4-nonadienal 1.15 Linoleic acid 
pentanal 1.15 Linoleic acid 
heptanal 1.15 Linoleic, oleic acid 
2,4-heptadienal 1.15 Linolenic acid 
1,3-octadiene 1.15 - 
2-heptenal 1.15 Linoleic acid 
1-pentanol 1.14 Linoleic acid 
2,4-decadienal 1.14 Linoleic acid 
1-butanol 1.14 - 
1-octen-3-ol 1.13 Linoleic acid 
2-pentylfuran 1.12 Linoleic acid 
4-heptenal 1.12 - 
nonanal 1.12 Oleic acid 
tridecane 1.11 - 
hexanal 1.1 Linoleic acid 
2,4-octadienal 1.1 - 
1-hexanol 1.1 Oleic acid 
2,4-hexadienal 1.1 - 
2-hexenal 1.1 - 
4-ethylcyclohexanol 1.09 - 
octanal 1.09 Oleic acid 
1-iodo-2-methylundecane 1.09 - 
75 
 
Volatile compound VIP Assumed origin 
1-ethyl-5-methylcyclopentene 1.09 - 
1-penten-3-one 1.09 - 
heptanoic acid 1.08 Oleic, linoleic acid 
2-n-butyl furan 1.08 - 
hexanoic acid 1.08 Linoleic acid 
2-octenal 1.07 Linoleic acid 
furfural 1.05 - 
2-hepten-1-ol 1.05 - 
tetradecane 1.04 - 
2-methylcyclopentanone 1.03 - 
2-ethylfuran 1.03 Linolenic acid 
ethenyl hexanoate 1.03 - 
To better interpret the effect of BHA and matrix (oil vs mayonnaise) on the formation of volatiles, 
hexanal was quantified through standard curve (Figure 4-4). The change in concentration of hexanal 
in mayonnaise and oil during storage confirms high rate of lipid oxidation in mayonnaise. Previously 
it was found that the mechanism of lipid oxidation in an O/W emulsion is different from that in the 
bulk oil system (Takai et al., 2003). The addition of BHA to mayonnaise significantly decreased the 
amount of hexanal during storage. However, BHA did not show a significant effect on reducing 
hexanal in bulk oil. BHA is a non-polar antioxidant and based on the polar paradox theory, the non-
polar antioxidants are more effective in O/W emulsion than the bulk oil, which could be due to the 
affinity of BHA toward the oil-water interface (Frankel et al., 1994).  
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Figure 4-4. The concentration of hexanal in mayonnaise and oil during storage of 60 days. Results are means of triplicate 
analysis. Error bars show standard errors. MC (mayonnaise no antioxidant), MB (mayonnaise butylated hydroxyanisole), 
OC (oil no antioxidant), OB (oil butylated hydroxyanisole). 
 
 Conclusion  
In conclusion, the differences between mayonnaise and bulk oil are due to the rate of lipid oxidation. 
The rate of lipid oxidation in mayonnaise stored at 38 °C for 60 days is much higher than oil. Not 
only the lipid oxidation is different but also the effect of BHA in mayonnaise is different from bulk 
oil. The efficacy of BHA in retarding lipid oxidation is higher in mayonnaise than oil. BHA is a non-
polar antioxidant and in mayonnaise, which is an O/W emulsion, has the affinity toward the water-
oil interface where lipid oxidation occurs. Therefore, BHA works better in mayonnaise than bulk oil. 
This study shows that how a physical location of an antioxidant is important on its activity. In 
summary, the non-polar antioxidant is more effective in O/W emulsion than bulk oil. This will be 
studied in detail in future chapters. The antioxidants that are usually effective in mayonnaise might 
not be effective in oil or vice versa. Hence, for studying the efficacy of natural antioxidants it is 
important to study their activity in different matrixes as the matrix plays an important role. In this 
PhD the effect of natural antioxidants in mayonnaise as a representative of an O/W emulsion system 
is studied. It will be of interest to study the efficacy of natural antioxidants in bulk oil and other O/W 
emulsion systems. The solubility of antioxidants plays an important role on their efficacy so 
hydrophilic and lipophilic antioxidants will be studied in the next chapters.   
77 
 
Chapter 5 Antioxidant capacity assessed using in vitro and in situ 
systems of natural antioxidants   
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 Abstract 
The antioxidant capacity of five natural antioxidants (green tea extract (GTE), tocopherols (TOCs), 
water dispersible rosemary extract (REW), oil-soluble rosemary extract (REO) and lemon myrtle 
(LEM)) was evaluated in vitro and in situ and compared to butylated hydroxyanisole (BHA). The 
antioxidant capacity was determined by measuring ferric reducing antioxidant power (FRAP) and 
free radical scavenging activity (ABTS). BHA showed the highest antioxidant capacity in vitro and 
in situ and its antioxidant capacity was stable during storage of mayonnaise. GTE and TOCs had the 
highest antioxidant capacity among natural antioxidants in vitro and in situ but their activity decreased 
during storage of mayonnaise. Although REO with 5.2% CA had higher carnosic acid content, it 
exhibited similar in vitro ABTS radical-scavenging activity and reducing power to REW with 2.7 % 
CA. The results from this chapter are used for standardisation of the concentration of natural 
antioxidants used in mayonnaise detailed in Chapter 6 and Chapter 7. 
 Introduction 
There has been considerable scientific and industrial interest in using natural antioxidants in food 
systems. Recently a lot of attention has been employed on using natural antioxidants of plant extracts. 
Phenolic compounds that act as natural antioxidants are widely distributed in plant tissues. 
Antioxidant compounds in plant extracts have been identified as active oxygen and free radical 
scavengers. The antioxidant activity of natural antioxidants depends on some factors such as the 
polarity of the extract and the concentration of active compound (Basappa Maheswarappa et al., 
2014).  
Several assays have been introduced for the measurement of the antioxidant capacity of plant extracts. 
One of the common mechanism of lipid peroxidation is free radical chain reaction. Radical scavengers 
terminate the peroxidation reaction by reacting with peroxide radicals (Soare, Dinis, Cunha, & 
Almeida, 1997). 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) free radical 
scavenging method is one of the most popular spectrophotometric methods for measuring the 
antioxidant capacity of plant extracts. ABTS method is applicable to both lipophilic and hydrophilic 
antioxidants (Re et al., 1999). Adding antioxidants to the free radicals causes a degree of 
decolorization due to reversing the formation of ABTS•+ cation (Gülçin, Huyut, Elmastaş, & Aboul-
Enein, 2010):  
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Antioxidants can inactivate oxidants by redox reactions in which one reaction species is reduced at 
the expense of the oxidation of the other (Gülçin, Huyut, Elmastaş, & Aboul-Enein, 2010). Ferric 
reducing antioxidant power (FRAP) assay is based on the measurement of reduction of ferric ion 
complex to a ferrous ion complex and is an electron-transfer based method. It estimates the total 
concentration of redox-active compounds and determines only the reducing capacity based upon the 
ferric ion (Konczak, Zabaras, Dunstan, & Aguas, 2010). The reducing capacity of a compound can 
be used as an indicator of its antioxidant activity. 
The selection of natural antioxidants employed in this PhD work is based on the thorough literature 
review (2.4.2. Natural antioxidants used in mayonnaise, p. 30) and their potential activity in 
mayonnaise. The natural antioxidants employed are divided in two subgroups based on their 
solubility: water-soluble and oil-soluble. Butylated hydroxyanisole (BHA) is a well-known synthetic 
antioxidant. BHA was used to compare its antioxidant capacity against natural antioxidants. 
The aim of this chapter is to evaluate the in vitro and in situ antioxidant capacity of selected natural 
antioxidants and assess the stability of antioxidants in mayonnaise during 60 days of storage at 38 °C. 
Figure 5-1. Oxidation of ABTS by potassium persulfate to generate radical cation ABTS•+ and its reaction 
with an antiradical compound (AOH) (adapted from Oliveira et al., 2014). 
ABTS 
+ AO● + AOH 
ABTS●+ 
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5.2.1 Butylated hydroxyanisole (BHA) 
Butylated hydroxyannisol (BHA) is one of the most widely used antioxidants in foods (Figure 5-2) 
(Shahidi, 2000). It is a free radical scavenger (Shahidi, 2000; Shahidi & Zhong, 2010). The maximum 
amount allowed in edible oils according to the Food and Drug Administration (FDA) is 200 mg/kg 
oil. 
 
Figure 5-2. Chemical structure of butylated hydroxyanisole (BHA).  
5.2.2 Green tea extract 
Green tea extract (GTE) is a water-soluble, polyphenolic compounds. Catechins are the predominant 
group of polyphenols in GTE and considered to act as antioxidants by scavenging radicals  (Huang 
& Frankel, 1997). In Figure 5-3 structures of some of the tea catechins are shown. As mentioned in 
2.5. Factors affecting the activity of antioxidants, the solubilities of antioxidants in the system play 
an important role. So, the antioxidant capacity of GTE, which is a water-soluble antioxidant, is system 
dependant. GTEs have shown good antioxidative activity in oil (B. Chen, Rao, Ding, McClements, 
& Decker, 2016; Z. Chen & Chan, 1996; Frankel, Huang, & Aeschbach, 1997; Wanasundara & 
Shahidi, 1998; Yin, Becker, Andersen, & Skibsted, 2012). However, pro-oxidative behaviour was 
seen in corn O/W emulsion (Frankel et al., 1997; Huang & Frankel, 1997). To the best of our 
knowledge, the antioxidant activity of green tea extract in mayonnaise has not been studied.  
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Figure 5-3. Chemical structures of catechins. 
5.2.3 Tocopherols 
Tocopherols are one of the most well-known natural antioxidants. They are present in four structures 
(α, β, γ and δ, Figure 5-4). The antioxidative efficacy of tocopherols (TOCs) has been examined 
extensively in food systems (2.4.2.3. Tocopherol, p. 31). The pro and anti-oxidative activity of 
tocopherols in mayonnaise has been reported. The pro-oxidant effect of TOCs has been reported due 
to promoting formation of hydroperoxides (Frankel et al., 1994; Karahadian & Lindsay, 1989). Also, 
its anti/pro-oxidant activity is concentration dependent. So, in this PhD work the antioxidant 
properties of tocopherols and the concentration dependency is studied.  
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Figure 5-4. Chemical structures of tocopherols. 
5.2.4 Rosemary extract 
Phenolic diterpenes and acids such as carnosic acid (CA), carnosol and rosmarinic acid are the major 
bioactive compounds in rosemary extracts (Figure 5-5) (Frankel, Huang, Aeschbach, & Prior, 1996). 
Although many studies have been done on using rosemary or its extract as an antioxidant in oil, meat 
and meat products (Alizadeh et al., 2016; Basappa Maheswarappa et al., 2014; Hraš et al., 2000; 
Naveena et al., 2013; Shah et al., 2014; Wada & Fang, 1992; Zhang et al., 2010), few studies have 
been carried out on using rosemary extract as an antioxidant in a mayonnaise-like emulsion (Gorji et 
al., 2016). One of the factors affecting antioxidant activity is the amount of active compounds in the 
extracts (Basappa Maheswarappa et al., 2014). Thus, the effect of amount of active compounds such 
as carnosic acid in rosemary extract should be studied. Also, solubility of rosemary extract could 
affect its activity therefore, the solubility of rosemary extract will be studied. In this chapter the 
antioxidant activity of two types of rosemary extract with different solubility and carnosic acid 
content will be studied. In this PhD work the effect of solubility and the concentration of active 
compounds (carnosic acid) in mayonnaise is studied in Chapter 7 (p.119).  
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Figure 5-5. Chemical structures of carnosic acid and carnosol. 
5.2.5 Lemon myrtle 
Lemon myrtle (Backhousia citriodora) is a species in the Myrtaceaefamily, native to tropical and 
subtropical rainforestsin Queensland, Australia (Figure 5-6) (Konczak, Zabaras, Dunstan, & Aguas, 
2010). The leaf and flowers are used as ingredients in food because of its unique lemon flavour 
(Smyth, Sanderson, & Sultanbawa, 2012, Clarke, 2012). Lemon myrtle (LEM) has been found to 
have high antioxidant activity (Konczak, Zabaras, Dunstan, & Aguas, 2010). Its antioxidant activity 
is attributed to the compounds such as ellagic acid and derivatives and metabolic products of 
flavonoids (catechin, myricetin, hesperetin, and quercetin) (Sakulnarmrat & Konczak, 2012; 
Sommano, Caffin, & Kerven, 2013). LEM has been used as a source of antimicrobial preservative in 
food (Sultanbawa, 2016). However, to the best of the authors’ knowledge, its application as a natural 
antioxidant in food products has not been studied.  
 
Figure 5-6. Lemon myrtle leaves and dried leaves. 
 Materials and Methods 
5.3.1 Materials 
A total of five natural antioxidants were selected for evaluation of antioxidant capacity. Table 5-1 
shows the antioxidants and sample codes. The green tea extract (GUARDIANTM Green Tea Extract 
84 
 
20S) was donated by Danisco Australia (DuPont Nutrition & Health, Australia). Green tea extract 
was composed of about 20% of catechins. It contains gallocatechin, epigallocatechin, epicatechin, 
gallocatechingallate, epigallocatechingallate, 3-methyl epigallocatechingallate, epicatechingallate 
with a total concentration of phenolic compounds of 4.8% measured as gallic acid equivalents 
(Capuano et al., 2009). The tocopherol mixture (GUARDIANTM Toco 70), which was oil-soluble was 
kindly donated by Danisco Australia (DuPont Nutrition & Health, Australia). The active tocopherols 
(measured by HPLC) were distributed as 15.4% (w/w) α -tocopherol, 59.1% (w/w) β and γ-
tocopherol, 25.5% (w/w) δ -tocopherol homologue, corresponding to 70% of the tocopherol mixture. 
Commercially available dried powders of lemon myrtle were bought from a local supplier (Herbi’s 
spices) in Australia. Refined oleoresin rosemary extracts OxikanRW (2.7% CA; water dispersible) 
and OxikanR (5.2% CA; oil-soluble) were kindly donated by Kancor Ingredients Ltd (Ernakulam, 
India). 
Table 5-1. Sample details including brand & manufacturer and sample code. 
Antioxidant Brand & Manufacturer Sample code 
Butylated hydroxyanisole - BHA 
Green tea extract 
GUARDIANTM Green Tea 
Extract 20S, Danisco 
GTE 
Mixture of tocopherols (α-tocopherol, 15.4% 
w/w, β and γ-tocopherol, 59.1% w/w, and δ-
tocopherol 25.5% w/w) 
GUARDIANTM Toco 70, 
Danisco 
TOC 
Lemon myrtle leaf grounded Herbi’s spices LEM 
Rosemary extract (2.7% CAa, water dispersible) OxikanRW, Kancor REW 
Rosemary extract (5.2% CA, oil-soluble) OxikanR, Kancor REO 
a Carnosic acid. 
5.3.2 Production of mayonnaise 
Batches of approximately 1.5 kg mayonnaise were produced using Kogan 1000W Professional Food 
Processor & Blender. Ingredients for the mayonnaise production were (all amounts are stated in wt%): 
80% oil, 11% egg, 3% vinegar, 2% sugar and 4% water. The pH of mayonnaise was adjusted to 4.33 
± 0.03. Mayonnaise was prepared in a two-step standardized process: all the ingredients except oil 
were preliminarily mixed and then sunflower oil was slowly added under progressively increasing 
vigorous agitation. Six different formulations of mayonnaise were produced to assess the effect of 
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antioxidant type. Table 5-2 shows sample details and the doses of antioxidant. Antioxidants were 
added to either the oil or water phase before the emulsification. Oil-soluble antioxidants BHA, 
tocopherol mixture (TOC), rosemary extract (OxikanR, REO) were added in the oil phase and water-
soluble/dispersible antioxidants, green tea extract (GTE), rosemary extract (OxikanRW, REW) and 
dried lemon myrtle (LEM) were added in the water phase. Mayonnaise with BHA was made to 
compare its antioxidant capacity against natural antioxidants. BHA was added at 200 mg/kg oil, based 
on the maximum amount allowed in edible oils according to the Food and Drug Administration (FDA) 
Each treatment was made in triplicate. Each sample was placed a sterilized (tightly closed) screw-
capped 75-mL specimen jar and all jars were incubated at 38 °C for 60 days. A temperature of 38 °C 
was chosen to accelerate the rate of lipid oxidation based on results in Chapter 3 (p.43).  
Table 5-2. Sample details including, formulation and concentration of antioxidants. 
Mayonnaise formulation phasea Concentration of antioxidants 
(mg/kg oil) 
Butylated hydroxyanisole Oil 200 
Green tea extract Water 500 
Mixture of tocopherols Oil 500 
Lemon myrtle leaf ground Water 3000 
Rosemary extract (2.7% CAb, water dispersible) Water 3000 
Rosemary extract (5.2% CA, oil-soluble) Oil 3000 
aTo which antioxidant was added. 
bCarnosic acid. 
5.3.3 Determination of in vitro antioxidant capacity 
The antioxidants were evaluated for antioxidant capacity using ferric reducing antioxidant power 
(FRAP; (Benzie & Strain, 1996)), and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
(ABTS; (Danh, Triet, Zhao, Mammucari, & Foster, 2012)) assays with some modifications. The 
antioxidants in order to acquire a readable range absorbance measurement. Samples were prepared in 
triplicates. Then, each of the diluted samples of 30 μL were mixed with the diluted ABTS of 1.5 mL 
and then incubated for 15 minutes in the dark. The absorbance was then measured at 734 nm against 
blank sample of methanol. Gallic acid was used as the reference standard (standard curve is presented 
in Appendix E). The results of radical scavenging activity of the natural antioxidants tested were 
expressed as gallic acid equivalent (mmol GA /mg). In FRAP assay, 30 μL of the diluted antioxidants 
were each mixed with 900 μL of FRAP reagent and 90 μL of distilled water. The mixture was then 
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incubated at 37 °C for 30 min. Absorbance value was measured at 593 nm. The results were expressed 
as. micromole of ferric equivalent (µmol Fe2+E) (standard curve is presented in Appendix F). 
5.3.4 Determination of in situ (mayonnaise system) antioxidant capacity  
Mayonnaise samples enriched with antioxidants as described in Table 5-2 were stored for 60 days at 
38 °C. Mayonnaise was diluted in methanol (1 mg/mL). ABTS assay was used to measure the in situ 
antioxidant capacity. ABTS assay used was as described by Danh, et al., (2012) earlier. 
5.3.5 Statistical analysis 
All tests were conducted in triplicate. One-way analysis of variance (ANOVA) was performed for 
the determination of statistical significance using XLSTAT (version 2014.6.05, CA, USA). Post-hoc 
Tukey’s test was carried out to have multiple comparisons among the data. P < 0.05 shows significant 
difference. 
 Results and Discussion 
5.4.1 In vitro antioxidant capacity of antioxidants 
ABTS and FRAP assays were selected to measure the in vitro antioxidant capacity of selected natural 
antioxidants and to compare them with BHA, which is a synthetic antioxidant. The antioxidant 
capacities of the antioxidants are presented in Table 5-3.  
5.4.1.1 Total reducing capacity using FRAP assay 
BHA showed the strongest total reducing capacity as evaluated in the FRAP assay (Table 5-3) and 
was followed by GTE and TOC. The total reducing capacity of GTE was the same as TOC. Total 
reducing capacity of BHA was 2.5 times of GTE and TOC. In general, the order of total reducing 
capacity is BHA > GTE = TOC > LEM > REW = REO. Antioxidants can prevent the formation of 
peroxides by acting as a reductant and reacting with certain precursors of peroxide (Jayaprakasha, 
Singh, & Sakariah, 2001). Reducing capacity demonstrates the ability of antioxidants in electron 
donation (Gülçin, Huyut, Elmastaş, & Aboul-Enein, 2010). Konczak, Zabaras, Dunstan, and Aguas 
(2010) reported that phenolic compounds are the major contributor to the antioxidant capacity of the 
plant extracts.  
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5.4.1.2 Free radical scavenging capacity 
For measuring free radical scavenging capacity of antioxidants, in vitro ABTS assay was used. The 
highest ability to scavenge free radicals was displayed by BHA and was followed by GTE and TOC 
(Table 5-3). The order of free radical scavenging capacity of antioxidants is as BHA > GTE = TOC 
> LEM > REW = REO. Free radical scavenging capacity of BHA was 1.36 times of GTE and TOC. 
GTE is a polyphenolic compounds. Catechins are the predominant group of polyphenols in GTE, and 
considered to act as antioxidants by scavenging radicals (Huang & Frankel, 1997). The green tea 
extract that was used in this study has 20 % catechins containing gallocatechin, epigallocatechin, 
epicatechin, gallocatechingallate, epigallocatechingallate, 3-methyl epigallocatechingallate, 
epicatechingallate with a total concentration of phenolic compound of 4.8% measured as gallic acid 
equivalent. The antioxidant capacity of TOCs is linked to their ability to scavenge free radicals and 
act as primary antioxidants (Jacobsen, Hartvigsen, Lund, et al., 2001). The antioxidant capacity of 
lemon myrtle is linked to ellagic acid and derivatives and flavonoids (catechin, myricetin, hesperetin, 
and quercetin) (Sakulnarmrat & Konczak, 2012; Sommano et al., 2013). One of the major bioactive 
compounds in rosemary extract is carnosic acid (CA) (Frankel, Huang, Aeschbach, et al., 1996). A 
differentiation of rosemary extracts according the carnosic acid percentage is expected. Although 
REO with 5.2% CA had higher carnosic acid content, it exhibited similar in vitro ABTS radical-
scavenging activity and reducing power to REW with 2.7 % CA (Table 5-3).  
The results from in vitro antioxidant capacity could be used for standardisation of the concentration 
of natural antioxidants in mayonnaise. Comparing the antioxidant activity gives information on how 
much antioxidant should be added to be comparable with BHA. 
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Table 5-3. In vitro antioxidant capacity of antioxidants: BHA (butylated hydroxyanisole), GTE (green tea extract), TOC 
(tocopherol), LEM (lemon myrtle), REW (rosemary extract, 2.7% CA, water-soluble) and REO (rosemary extract, 5.2% 
CA, oil-soluble). 
Antioxidants 
Antioxidant capacity 
ABTS1 
(mmol GA3 /mg) 
FRAP2 
(µmol Fe2+E.4/mg) 
BHA 106.12 ± 14.81 A 1.11 ± 0.03 A 
GTE 81.23 ± 7.61 B 0.45 ± 0.03 B 
TOC 88.51 ± 1.82 B 0.41 ± 0.02 B 
LEM 12.22 ± 1.48 C 0.09 ± 0.00 C 
REW 5.43 ± 1.94 D 0.06 ± 0.01 D 
REO 4.51 ± 0.30 D 0.06 ± 0.01 D 
Values are expressed as mean ± standard deviation (n = 3)  
Means with different capital letter superscripts in the same column are significantly different (P < 0.05). 
1ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).  
2FRAP, ferric reducing antioxidant power.  
3GA, millimole gallic acid equivalent. 
4 µmol Fe2+E., micromole of ferric equivalent.  
5.4.2 In situ antioxidant capacity of antioxidants 
The antioxidant capacity of antioxidants in a mayonnaise system was measured using ABTS assay. 
Results are shown in Table 5-4. BHA has the highest antioxidant capacity followed GTE and TOC. 
This trend is the same as in vitro antioxidant capacity. The order of antioxidant capacity is BHA > 
GTE = TOC > LEM = REW = REO. The antioxidant capacity of BHA and rosemary extracts was 
stable during storage however the antioxidant capacity of GTE, TOC and LEM decreased during 
storage. Green tea catechins can undergo oxidation during storage and factors such as high 
temperature can reduce catechins stability (Ananingsih et al., 2013). The reduction in stability of 
tocopherols during storage was reported by Miquel, Alegrı́a, Barberá, Farré, and Clemente (2004) in 
adapted milk-based infant formulas. Lemon myrtle is sensitive to oxygen and light (Buchaillot, 
Caffin, & Bhandari, 2009) therefore its antioxidant activity could be decreased during storage.  
 
 
89 
 
Table 5-4. In situ antioxidant capacity of antioxidants in mayonnaise during storage of 60 days: BHA (butylated 
hydroxyanisole), GTE (green tea extract), TOC (tocopherol), LEM (lemon myrtle), REW (rosemary extract, 2.7% CA, 
water-soluble) and REO (rosemary extract, 5.2% CA, oil-soluble). 
Mayonnaise samples  
ABTS1 
(mmol GA2 /mg antioxidant) 
Day 1 Day 60 
BHA 150.5 ± 73.42 Aa 120.49 ± 38.11 Aa 
GTE 82.57 ± 10.2 Ba 55.24 ± 4.87 Bb 
TOC 85.86 ± 14.36 Ba 59.59 ± 6.43 Bb 
REW 14.07 ± 0.79 Ca 14.20 ± 1.49 Ca 
REO 12.65 ± 0.59 Ca 13.17 ± 1.49 Ca 
LEM 11.28 ± 1.03 Ca 6.30 ± 1.29 Db 
Values are expressed as mean ± standard deviation (n = 3)  
Means with different capital letter superscripts in the same column are significantly different (P < 0.05). 
Means with different small letter superscripts in the same row are significantly different (P < 0.05). 
1ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).  
2GA, millimole gallic acid equivalent. 
 Conclusion 
In summary BHA showed the highest in vitro and in situ antioxidant capacity and its antioxidant 
capacity was stable during storage of mayonnaise. Green tea extract and tocopherol had the highest 
antioxidant capacity among the natural antioxidants but their antioxidant capacity decreased during 
storage. Lemon myrtle and rosemary extracts had similar antioxidant capacity in situ. A 
differentiation between rosemary extracts based on the carnosic acid percentage was expected but 
rosemary extracts with 2.7 and 5.2 % carnosic acid showed similar antioxidant capacity in situ and in 
vitro. Rosemary extracts were stable during storage of mayonnaise. The results of this chapter could 
be used for standardisation of the concentration of natural antioxidants in mayonnaise. 
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Chapter 6 Effect of hydrophilic, lipophilic antioxidants and their 
synergistic effect on lipid oxidation in mayonnaise 
 
 
(At least 80% of this chapter has been submitted to the journal Metabolomics. Reuse of the original 
submitted content in the thesis report with permission from Calingacion, M., Smyth, H. E. & 
Fitzgerald, M.)   
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 Abstract 
In the previous chapter the in vitro and in situantioxidant capacity of green tea extract (GTE) and 
tocopherol were studied. This chapter further explores the antioxidative efficiency of hydrophilic 
GTE, lipophilic TOC, and green tea-tocopherol mixture (GTT) in mayonnaise by measuring 
hydroperoxide concentration, volatile oxidation compounds (VOxCs), colour stability and sensory 
evaluation, during 60 days of storage at 38 °C. The results showed that GTE and TOC increased the 
formation of hydroperoxides and certain VOxCs e.g. heptanal, octanal and nonanal. The combination 
of GTE with TOC improved the antioxidant efficacy indicated by hydroperoxide, pentanal, hexanal 
and 2-heptenal concentration compared to the individual extracts. However, sensory evaluation 
demonstrated that GTE promoted the development of unpleasant fishy and rancid aroma. Partial least 
square analysis elucidated the predictive ability of VOxCs for sensory terms. Regarding colour 
analysis, GTE showed the highest increase in darkening and browning during storage. The findings 
of this chapter are used for further exploring the efficacy of lipophilic and hydrophilic antioxidants.  
 Introduction 
Mayonnaise is an oil in water (O/W) emulsion consisting 70-80% oil. Lipid oxidation is a major cause 
of quality deterioration in mayonnaise. The most common strategy to retard lipid oxidation is the use 
of antioxidants (Coupland & McClements, 1996). Antioxidants are divided into two categories based 
on their origin: synthetic and natural. Due to health concerns about synthetic antioxidants, there has 
been an increase in the use of natural antioxidants, which are efficient and safe in food systems. A 
number of studies investigated the potential of natural antioxidants in mayonnaise see e.g. review by 
Ghorbani Gorji et al. (2016). 
Among naturally occurring antioxidants, the antioxidative efficacy of tocopherols (TOCs) has been 
examined extensively in food systems (Jacobsen, Hartvigsen, Lund, Adler-Nissen, Holmer, et al., 
2000; Jayasinghe, Gotoh, & Wada, 2013; Karahadian & Lindsay, 1989; Let, Jacobsen, & Meyer, 
2007; Panya et al., 2012; Rizner, Hadolin, Knez, & Bauman, 2000). TOCs can control autoxidation 
by acting as radical scavengers. However, the pro-oxidant effect of high concentrations of TOCs have 
been reported by promoting formation of hydroperoxides (Frankel et al., 1994; Karahadian & 
Lindsay, 1989).  
Green tea extract (GTE) is a water-soluble, polyphenolic mixture. Catechins are the predominant 
group of polyphenols in GTE and considered to act as antioxidants by scavenging radicals (Huang & 
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Frankel, 1997). GTEs have shown good antioxidative activity in oil (B. Chen, Rao, Ding, 
McClements, & Decker, 2016; Z. Chen & Chan, 1996; Frankel, Huang, & Aeschbach, 1997; 
Wanasundara & Shahidi, 1998; Yin, Becker, Andersen, & Skibsted, 2012). However, pro-oxidative 
behaviour was seen in corn O/W emulsion (Frankel et al., 1997; Huang & Frankel, 1997).  
The O/W emulsion is a hetrophasic system, containing at least three phases. The effectiveness of 
antioxidants in hetrophasic systems is highly dependent on their polarity and partitioning properties. 
The hydrophilic antioxidants predominantly are partitioned in the aqueous phase and the lipophilic 
antioxidants are mainly partitioned in the oil phase (Coupland & McClements, 1996; Jacobsen, 
Schwarz, et al., 1999). In O/W emulsion systems, as the “polar paradox” theory states, non-polar 
antioxidants are more effective than their polar analogues (Frankel et al., 1994). Studies on combining 
water-soluble antioxidants, such as ascorbic acid and GTE, with TOC showed the regeneration of 
TOC by reducing the tocopheroxyl radical in the O/W emulsion (Buettner, 1993; Yin et al., 2012). 
The potential activity of antioxidants is also dependent on the nature of the food system. In order to 
predict the antioxidant activity, the antioxidants should be tested in the product. To the best of our 
knowledge, no studies have evaluated the interactions of GTE and TOC in mayonnaise (80% 
sunflower oil).  
Frankel et al. (1994) showed that determination of antioxidant activity is affected by the method used 
to evaluate lipid oxidation. For this reason, in order to be able to understand whether GTE and TOC 
act as antioxidants or pro-oxidants, the progress of oxidation was monitored by measuring the 
formation of primary (hydroperoxides) and secondary oxidation products (volatile oxidation 
compounds (VOxCs)). Colour and sensory properties were also monitored. 
The aim of the present study is to evaluate the anti- or pro-oxidative properties of hydrophilic and 
lipophilic antioxidants in mayonnaise over the course of 60 days at 38 °C, using measurement of 
colour, hydroperoxide concentration and volatile oxidation compounds, as well as descriptive sensory 
analysis. Therefore, a tocopherol mixture that is oil-soluble, and GTE, which is a water-soluble 
antioxidant were chosen. An additional objective was to examine the interactions between GTE and 
TOC, to determine possible synergistic or antagonistic effects in antioxidant activity.  
 Materials and methods 
6.3.1 Materials 
Materials for mayonnaise production is as exactly described in the section 4.3.1 (p.69)  
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The green tea extract (GUARDIANTM Green Tea Extract 20S) and tocopherol mixture 
(GUARDIANTM Toco 70) were donated by Danisco Australia (DuPont Nutrition & Health, 
Australia). Green tea extract was composed of about 20% of catechins (according to manufacturer). 
It contains gallocatechin, epigallocatechin, epicatechin, gallocatechingallate, epigallocatechingallate, 
3-metyl epigallocatechingallate, epicatechingallate with a total concentration of phenolic compound 
of 4.8% measured as gallic acid equivalents. The mixture of tocopherol was oil-soluble, comprising 
70% natural tocopherol concentrate. The concentrations of the different analogs were analysed by 
HPLC are α-tocopherol, 15.4% w/w, β and γ-tocopherol, 59.1% w/w, and δ-tocopherol 25.5% w/w. 
Ammonium ferrous sulfate, cumene hydroperoxide, butylated hydroxy toluene (BHT), xylenol 
orange [o-cresolsulfonphthalein-3,3-bis (methyliminoacetic acid sodium salt)], sulfuric acid, 
methanol and propan-1-ol were from Sigma Aldrich. External standards for identification of volatile 
compounds are listed in Table 3-1. 
6.3.2 Production of mayonnaise and storage experiment  
Samples are made exactly as described in the section 3.3.2. Preparation and storage of mayonnaise 
(p.47). Five different formulations of mayonnaise were produced to assess the effect of antioxidant 
type. Table 6-1 shows antioxidant concentration and sample code. The doses of tocopherol (TOC) 
and green tea extract (GTE) were decided so that the antioxidant capacity matches that of BHA based 
on results of Chapter 5. The antioxidants were added in either the oil phase (BHA and TOC) or in the 
water phase (GTE) before mayonnaise production. A combination of TOC and GTE sample was 
made (GTT, water + oil phase) to study the synergistic effect of these two antioxidants. A control 
(CON) sample was prepared without adding any antioxidants. The pH of the final product was 4.17 
± 0.02. Each formulation was made in three batches. Samples were aseptically transferred into sterile 
specimen jars (75 mL) with caps and filled to the top, closed tightly (without headspace), and stored 
at 38 °C (accelerated temperature) in dark for 60 days. Samples were taken for hydroperoxides and 
GC × GC/TOF-MS measurements after 1, 15, 30, 45 and 60 days of storage; and for sensory analysis 
and colour after 1, 30, and 60 days of storage. Samples were kept at -80 °C until the hydroperoxide 
and volatile compound analysis while sensory and colour analyses were made directly after sampling. 
At each of the storage time points, three new jars were opened, and each was sub-sampled for each 
analysis.  
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Table 6-1. Sample details including antioxidant, antioxidant concentration and sample code. 
Antioxidant Sample code Phasea 
Concentration 
(mg/kg oil) 
Control CON - - 
Butylated hydroxyanisole BHA Oil 200 
Green tea extract GTE Water 500 
Mixture of tocopherols TOC Oil 500 
Green tea extract + tocopherol GTT Water + oil 250 + 250 
a To which antioxidant was added. 
6.3.3 Colour measurements 
During storage, the colour of the samples was analysed at room temperature using the Minolta 
Chroma Meter CR-4 (Minolta Camera Co., Osaka, Japan) at designated time intervals. Before 
analysis, the metre was calibrated with the white CR-400 calibration plate (Minolta). The colour was 
measured using an absolute measuring mode following the manufacturer’s instruction and calculated 
automatically using the CIE 1976 L* a* b* colour space system (International Commission on 
Illumination, 2008). The three coordinates represent the lightness of the colour (L* = 0 yields black 
and L* = 100 indicates diffuse white), its position between red/magenta and green (a*, negative values 
indicate green while positive values indicate magenta) and its position between yellow and blue (b*, 
negative values indicate blue and positive values indicate yellow). 
6.3.4 Lipid separation from mayonnaise 
The lipid separation from mayonnaise was carried out as exactly described in the section 3.3.3. Lipid 
separation from mayonnaise (p.48). 
6.3.5 Determination of hydroperoxides concentration 
Lipid hydroperoxides of the oil phase separated from mayonnaise were measured exactly as described 
in the section 3.3.4. Determination of lipid hydroperoxides (p.48). 
6.3.6 Analysis of volatile secondary oxidation products 
Comprehensive analysis of volatile compounds in mayonnaise was performed exactly as described 
in the section 3.3.5. Determination of volatile oxidation products (p.48).  
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Six volatile oxidation compounds that have previously been shown to correlate with lipid oxidation 
degree in mayonnaise in the Chapter 3 (p.43) were selected for quantification through standard curves 
Figure 3-1. Standard curves for pentanal, heptanal, octanal, nonanal and 2-heptenal can be found in 
Appendix G. The six volatiles were identified as: pentanal, hexanal, heptanal, octanal, nonanal and 
2-heptenal. Solutions of pentanal, hexanal, heptanal, octanal, nonanal and 2-heptenal in acetone at 
different concentrations were prepared and added to a fresh mayonnaise sample with no antioxidant. 
Then, the collection of volatiles was performed in the same way as for the samples. 
6.3.7 Descriptive sensory evaluation 
The panel consisted of 12 members (3 males, 9 females, aged 37-66 years with a mean age of 48) 
who were recruited from a pool of panellist who had been pre-screened for their abilities to 
discriminate basic odours and tastes according to standard ISO 3972 (ISO, 1991, 1992, 1993) 
procedures. The training was conducted over 8 sessions (2 hours each) in a meeting room equipped 
with an electronic white board, using a subset of samples selected to cover the total range of 
day/treatment variation. Training sessions were conducted in order to develop descriptive sensory 
terms and definitions, associated sensory reference standards and scales as well as to familiarise the 
panel with the test samples. A total of 14 descriptors, definitions and sensory reference standards (7 
aroma and 7 flavour) were developed (Table 6-2). The final training session was a practice session to 
familiarise the panel with the set-up and protocol for formal evaluation sessions and in order to 
evaluate performance (8 h, 4 sessions) prior to formal evaluation. The formal sessions were held in a 
purpose built-sensory laboratory fitted with 12 isolated sensory booths and computers, which was 
temperature controlled (22 °C) with day-light equivalent lighting. Prior to each evaluation, the 
panellists were presented with the 13 sensory reference standards and definitions to review prior to 
assessment (Table 6-2). Subsequently, the mayonnaises stored for 1, 30 and 60 days were served (in 
triplicate) according to a balanced Latin square design with samples randomly allocated to replicate 
blocks and sample sets randomly allocated to individual panellists during each session. The intensities 
of descriptive terms were quantified by use of line scale scoring on an unstructured line (10 cm), 
which was anchored from ‘‘none’’ and to ‘‘high’’. Scoring was computerised using the FIZZ 
acquisition software (Bio- System, Couternon, France). 
Additional documents supporting the sensory analysis including evidence of UQ ethical clearance 
and example of sensory work sheet can be found in Appendix H and Appendix I.  
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Prior to evaluating the sensory data generated from the formal sessions, the panel performance was 
analysed using XLSTAT panel performance analysis feature.  
6.3.8 Statistical analysis 
The obtained data were analyzed by a one-way analysis of variance, and individual samples were 
compared on a 0.05 level of significance and Fisher’s test using XLSTAT (version 2014.6.05, Add 
in soft 1995-204, CA, USA). All references to significant differences between samples or between 
sampling times are based on this statistical analysis of data. 
The sensory results from FIZZ software were exported into Microsoft Excel and were analysed by 
XLSTAT (version 2014.6.05, Add in soft 1995-204, CA, USA). Panel performance was evaluated by 
calculating discrimination ability, repeatability, and consistency. Descriptive statistics were 
calculated for all sensory attribute scores included minimum, maximum, mean, standard deviation 
(SD) and the coefficient of variation (CV) using XLSTAT (version 2014.6.05, Add in soft 1995-204, 
CA, USA). The sensory data and volatiles peak area were subjected to multivariate data analysis 
using software Simca V14 (Umetrics). 
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Table 6-2. Definition of sensory attributes and corresponding reference standards 
aroma definition reference standard* 
aroma intensity the overall aroma intensity of the sample. nil 
plastic/chemical a plastic-like aroma, waxy, synthetic or medicinal. approx. 200 mg of grated wax candle (Coles brand). 
rancid oil a rancid oil aroma. 
one-year old sunflower oil (Crisco) temperature stored at 
38◦C (~100 mg). 
vinegar a sharp vinegar-like aroma. white vinegar (Cornwell’s) (1 tsp) diluted with ½ tsp water. 
savoury/caramelised 
a sweet-savoury, caramelised aroma, like that of brown bread, 
burnt toast or caramelised onion.  
dark brown bread crust toasted (~0.5 g) and 2 pcs fried 
shallot (Dragon & Phoenix).  
eggy an eggy, sulphurous aroma.  boiled egg yolk (~0.5 g) 
fishy a fishy, anchovy oil-like aroma. one drop of oil (only) from Anchovies in oil (Colomba) 
‘other’ aroma any 'other' aroma perceived (please describe) nil 
flavour definition reference standard 
tangy A sour, tangy flavour, like zesty citrus or lemon.  citric acid solution (0.8 g/L) 
savoury 
A caramelised flavour, like that of brown bread, burnt toast or 
caramelised onion. 
as per aroma 
saltiness The saltiness of the sample.  salt solution (2.0 g/L) 
rancid oil A rancid oil and stale flavour.  ½ tsp rancid sunflower oil (Crisco) 
fishy A fishy, anchovy oil-like flavour.  as per aroma 
eggy An eggy, sulphurous flavour.  as per aroma 
hotness A hot prickly and peppery flavour sensation of the sample in the 
mouth.  
freshly cracked black pepper (~10 mg) in 1 tsp.  
‘other’ flavour Any 'other' flavour perceived (please describe) nil 
*Each sensory reference standard was presented to each panellist in a 22 ml plastic cup covered with a lid. 
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6.3.8.1 Principal component analysis (PCA)  
To get a qualitative visualisation of the data, and to understand relationships between samples and 
variables, the results from sensory analysis were subjected to principal component analysis. The PCA 
models were built on the average of the measured data and full cross-validation was done.  
6.3.8.2 Partial least square regression (PLSR) 
Volatile compounds 
In the PLSR analysis, the design variables used as X-variables were X꞊ type of antioxidants (CON, 
BHA, GTE and TOC) and replicates (R1, R2, R3, AV (mean values)), and a single quantitative 
variable for ‘days’ of storage (D; with levels 1, 15, 30, 45 and 60). Analytical data from volatile 
oxidation products (peak areas) were used as Y-variables.  
To gain information about significance indications for the relationship in the X- and Y-, regression 
coefficients were analysed by jack-knifing (Nissen, Byrne, Bertelsen, & Skibsted, 2004). The + or - 
sign associated with the regression coefficient indicated either positive or negative correlation 
between the two variables. 
Relationship between sensory attributes and volatile compounds 
The sensory and chemical predictive ability of volatile compounds for sensory attributes was tested 
by PLS analysis with sensory terms as X-matrix and volatile compounds as the Y-matrix.  
The regression coefficients were automatically calculated by the Simca software relating to the 
calculations of the PLS model, so it was possible to assess whether regression coefficients for the 
different design variables were significantly positive or negative (p < 0.1) for each of the measured 
variables. 
 Results  
The objectives of the present study were to investigate the oxidative and flavour stability of 
mayonnaise that was enriched with natural antioxidants such as GTE, and a mixture of TOCs and 
examine the interactions of GTE and TOC. The effect of storage time was tested by storing samples 
for 60 days at 38 °C and the effect of type of antioxidant was tested by adding GTE and mixture of 
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TOCs in water and oil phase of mayonnaise, respectively, and making a positive control (using BHA) 
and a negative control (without antioxidant).  
6.4.1 Effect of storage time and antioxidant type on lipid oxidation products 
6.4.1.1 Formation of hydroperoxides  
Generally, until day 30, there was no difference among CON, TOC and GTE mayonnaises. After day 
30 the hydroperoxides decreased in CON, remained constant in TOC and increased in GTE (Figure 
6-1). The hydroperoxides concentration increased significantly faster and to a higher level in 
mayonnaises with GTE than BHA during 60 days of storage. BHA reduced the formation of 
hydroperoxides in mayonnaise during storage and showed antioxidative activity whereas, GTE was 
pro-oxidant, and accelerated the formation of hydroperoxides. 
 
Figure 6-1. The concentration of hydroperoxides (mM) in mayonnaises during storage of 60 days. Results are means of 
triplicate analysis. Error bars show standard errors. GTT (tocopherol-green tea mixture), BHA (butylated 
hydroxyanisole), CON (no antioxidant), TOC (tocopherol) and GTE (green tea extract). 
6.4.1.2 Formation of volatile compounds 
From the GC × GC/TOF-MS analysis, 77 compounds were used for multivariate analysis. The 
compounds were identified using authentic standards (Table 3-2). The 77 compounds identified 
included four acids, 11 alcohols, one ester, 11 ketones, 20 aldehydes, five furans, 19 hydrocarbons, 
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one nitrogen derivative, two sulfur derivatives and three miscellaneous compounds. The identified 
compounds are listed in Table 6-3 together with peak number and method of identification.  
Table 6-3. Volatile compounds detected in the headspace of sunflower oil mayonnaise using two-dimensional gas 
chromatography time-of-flight mass spectrometry. 
no.a compound molecular formula identificationb 
 acids (4)   
1 pentanoic acid C5H10O2 NIST+std 
2 hexanoic acid C6H12O2 NIST+std 
3 heptanoic acid C7H14O2 NIST+std 
4 octanoic acid C8H16O2 NIST 
 alcohols (11)   
5 1-butanol C4H10O NIST+std 
6 1-pentanol C5H12O NIST+std 
7 2-pentanol C5H12O NIST+std 
8 1-penten-3-ol C5H10O NIST+std 
9 2-penten-1-ol C5H10O NIST+std 
10 1-hexanol C6H14O NIST+std 
11 3-methylcyclopentanol C6H12O NIST 
12 1-heptanol C7H16O NIST+std 
13 1-octen-3-ol C8H16O NIST+std 
14 4-ethylcyclohexanol C8H16O NIST+std 
15 2,3-dimethylcyclohexanol C8H16O NIST 
 ester (1)   
16 vinyl hexanoate C8H14O NIST 
 saturated linear ketones (5)   
17 2-heptanone C7H14O NIST+std 
18 4-methyl-2-heptanone C8H16O NIST 
19 2-octanone C8H16O NIST+std 
20 3-octanone C8H16O NIST 
21 2-decanone C10H20O NIST+std 
 unsaturated linear ketones (5)   
22 1-penten-3-one C5H8O NIST 
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no.a compound molecular formula identificationb 
23 1-hepten-3-one C7H12O NIST 
24 1-octen-3-one C8H14O NIST+std 
25 3-penten-2-one C5H8O NIST 
26 3-nonen-2-one C9H16O NIST 
 cyclic ketones (1)   
27 3-ethylcyclopentanone C7H12O NIST 
 alkanals (6)  NIST 
28 pentanal C5H10O NIST+std 
29 hexanal C6H12O NIST+std 
30 heptanal C7H14O NIST+std 
31 octanal C8H16O NIST+std 
32 nonanal C9H18O NIST+std 
33 decanal C10H20O NIST 
 alkenals (8)   
34 3-methyl-2-butenal  C5H8O NIST 
35 2-pentenal C5H8O NIST+std 
36 2-hexenal C6H10O NIST+std 
37 2-heptenal C7H12O NIST+std 
38 4-heptenal C7H12O NIST+std 
39 2-octenal C8H14O NIST+std 
40 2-decenal C10H18O NIST 
41 2-undecenal C11H20O NIST 
 alkadienals (4)   
42 2,4-hexadienal C6H8O NIST+std 
43 2,4-heptadienal C7H10O NIST+std 
44 2,4-nonadienal C9H14O NIST+std 
45 2,4-decadienal C10H16O NIST+std 
 aromatic aldehyde (1)   
46 phenylacetaldehyde C8H8O NIST 
 oxygenated aldehyde (1)   
47 4-oxohex-2-enal C6H8O2 NIST 
 lactones (4)   
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no.a compound molecular formula identificationb 
48 dihydro-2(3H)-furanone (butyrolactone) C4H6O2 NIST 
49 5-ethyldihydro-2(3H)-furanone (γ-caprolactone) C6H10O2 NIST 
50 5-butyldihydro-2(3H)-furanone (γ-octalactone) C8H14O2 NIST 
51 5-pentyldihydro-2(3H)-furanone (γ-nonalactone) C9H16O2 NIST 
 furan derivatives (5)   
52 2-ethylfuran C6H8O NIST 
53 2-ethyl-5-methylfuran C7H10O NIST 
54 2-butyl furan C8H12O NIST 
55 2-hexylfuran C10H16O NIST 
56 2-furaldehyde (furfural) C5H4O2 NIST+std 
 saturated hydrocarbons (11)   
57 2-methylnonane C8H18 NIST 
58 3-ethylhexane C8H18 NIST 
59 2,7-dimethyloctane C10H22 NIST 
60 3-ethyloctane C10H22 NIST 
61 2,4,6-trimethylheptane C10H22 NIST 
62 2,6-dimethylundecane C13H28 NIST 
63 2,6,7-trimethyldecane C13H28 NIST 
64 tridecane C13H28 NIST+std 
65 tetradecane C14H30 NIST+std 
66 hexadecane C16H34 NIST 
67 2,6-dimethylheptadecane C19H40 NIST 
 diunsaturated hydrocarbon (1)   
68 5,5-dimethyl-1,3-heptadiene C9H16 NIST 
 monoaromatic hydrocarbons (7)   
69 methylbenzene (toluene) C7H8 NIST 
70 p-xylene C8H10 NIST+std 
71 o-xylene C8H10 NIST 
72 butylbenzene C10H14 NIST 
73 1-isopropyl-2-methylbenzene (o-cymene) C10H14 NIST 
74 1-isopropyl-4-methylbenzene (p-cymene) C10H14 NIST 
75 1,3-bis(2-methyl-2-propanyl)benzene C14H22 NIST 
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no.a compound molecular formula identificationb 
 nitrogen derivative (1)   
76 pyrimidine C4H4N2 NIST 
 sulfur derivatives (2)   
77 dimethyldisulfide C2H6S2 NIST 
78 3-(methylsulfanyl)propanal (methional) C4H8OS NIST+std 
 miscellaneous (3)   
79 1-iodo-2-methylundecane C12H25I NIST 
80 1-iodopentane C5H11I NIST 
81 
3-tert-Butyl-4-methoxyphenol 
(BHA) 
C11H16O2 NIST 
a 
Peak number.
 
b:NIST+std: identified by means of authentic standards, NIST: putatively identified on MS fragmentation patterns and 
NIST library. 
The dataset of volatile compounds was subjected to PLS analysis to investigate the effect of storage 
time and antioxidant on lipid oxidation in mayonnaise. In total, two principal components (PCs) were 
validated, accounting for 26% of the variance in X variables (design) and 71% in Y variables (volatile 
compounds) (Figure 6-2.a). 
As illustrated in the scores plot (Figure 6-2.a), all fresh samples (day 1 storage, green circles) were 
located to the left in the diagram, and differences in the volatile profile could be seen even at the 
initial phase of storage. Samples moved toward more positive values on PC1 with increasing storage 
days. Thus, PC1 mainly seemed to explain the variation in the data caused by storage time. The 
samples are located at different places along PC2 according to presence of different types of 
antioxidant. GTE samples had positive PC2, BHA and CON samples had negative PC2 and TOC 
samples were always located between GTE and BHA.  
In the correlation loadings plot (Figure 6-2.b), design variable day (D) is located to the far-right part 
of the plot. Thus, the day design variable had a high PC1 value while the design variable antioxidant 
types were located along PC2. Interpretation of the effect of design variable antioxidant type is 
difficult because most of the volatiles were located to the far-right side of PC1. However, the model 
could indicate that volatiles could be categorised in two groups: A consisting of 29 volatiles which 
are positively correlated with GTE and B consisting of 48 volatiles which are positively correlated 
104 
 
with the storage time as indicated by ellipses (Group A and B) in Figure 6-2.b and as listed in Table 
6-4 (group A). 
 
Figure 6-2. Partial least square regression analysis (PC1, PC2), X꞊ design variables (days of storage:1, 15, 30, 60; 
antioxidant type: BHA, CON, GTE, TOC, replicates (R1, R2, R3, AV (mean values)) and Y꞊ volatile compounds: a) scores 
plot of mayonnaises stored for 1 day ●, 15 days ●, 30 days ●, 45 days ● and 60 days ●; b) correlation loadings plot of 
X꞊ design variables ● and Y꞊ analytical variables ●. Ellipses (solid line) represent r2 ꞊ 50%, 75% and 100% explained 
variance. Group: A positively correlated with GTE. Group B positively correlated with the storage time. 
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Table 6-4. Standardize, estimated regression coefficient from partial least square (PLS) for the relationship of design 
variables (X-matrix: BHA (butylated hydroxyanisole), CON (no antioxidant), GTE (green tea extract), TOC (tocopherol)) 
to volatile compounds (Y-matrix) as determined by jack-knife uncertainty test (PC2). 
no.a Group A volatile compounds identificationb 
design variable 
assumed origin 
BHA CON GTE TOC 
 acids       
3 heptanoic acid NIST+std -0.33c -0.23 0.47 0.08 oleic, linoleic acid1  
4 octanoic acid NIST -0.34 -0.26 0.5 0.09 oleic, linoleic acid1 
 alcohols       
5 1-butanol NIST+std -0.2 -0.02 0.21 0.01 - 
7 2-pentanol NIST+std -0.26 -0.09 0.32 0.03 - 
10 1-hexanol NIST+std -0.28 -0.1 0.35 0.04 oleic2 
12 1-heptanol NIST+std -0.34 -0.26 0.5 0.09 oleic 
 ketones       
17 2-heptanone NIST+std -0.3 -0.13 0.38 0.05 linoleic acid1, stearic acid2 
18 4-methyl-2-heptanone NIST -0.26 -0.13 0.35 0.05 - 
19 2-octanone NIST+std -0.33 -0.24 0.49 0.09 stearic acid2 
21 2-decanone NIST+std -0.33 -0.26 0.5 0.09 stearic acid2 
 aldehydes       
30 heptanal NIST+std -0.33 -0.23 0.47 0.08 oleic, linoleic acid1 
31 octanal NIST+std -0.33 -0.25 0.48 0.09 oleic2,3 
32 nonanal NIST+std -0.32 -0.21 0.46 0.07 oleic 3 
33 decanal NIST -0.3 -0.19 0.42 0.06 oleic 
 lactones       
49 5-ethyldihydro-2(3H)-furanone  NIST -0.27 -0.11 0.34 0.04 linoleic2 
50 5-butyldihydro-2(3H)-furanone  NIST -0.34 -0.26 0.50 0.09 oleic2 
51 5-pentyldihydro-2(3H)-furanone  NIST -0.34 -0.26 0.51 0.09 oleic2 
 hydrocarbons        
57 2-methylnonane  NIST -0.26 -0.12 0.33 0.04 - 
59 2,7-dimethyloctane NIST -0.23 -0.08 0.28 0.03 - 
60 3-ethyloctane  NIST -0.31 -0.21 0.44 0.08 - 
61 2,4,6-trimethylheptane  NIST -0.22 -0.06 0.26 0.02 - 
62 2,6-dimethylundecane NIST -0.20 -0.04 0.23 0.02 - 
63 2,6,7-trimethyldecane NIST -0.24 -0.08 0.29 0.03 - 
64 tridecane NIST+std -0.23 -0.06 0.27 0.02 - 
65 tetradecane NIST+std -0.20 -0.03 0.22 0.01 - 
66 hexadecane NIST -0.28 -0.14 0.37 0.05 - 
67 2,6-dimethylheptadecane NIST -0.25 -0.10 0.31 0.04 - 
69 methylbenzene NIST+std -0.32 -0.17 0.43 0.06 alkyl unsaturated free radical  
 miscellaneous       
79 1-iodo-2-methylundecane NIST -0.27 -0.11 0.34 0.04 - 
a Peak number. 
b NIST+std: identified by means of authentic standards, NIST: putatively identified on MS fragmentation patterns and NIST library. 
c Estimated regression coefficient. 
1 Keszler, Kriska, & Németh, 2000, 2 Zhou, Zhao, Bindler, & Marchioni, 2014, 3 Kochhar, 1996. 
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Examination of the regression coefficients of the volatile compounds for the antioxidant type design 
variable showed that GTE increased the concentration of the volatile compounds in group A (Table 
6-4), the regression coefficient for GTE and TOC was significantly positive (p < 0.1). However, most 
of the variables for the volatiles in group A had significant negative regression coefficients for the 
BHA design variable (Table 6-4). The raw data illustrated (data not shown) that fresh mayonnaise 
containing GTE had already high concentrations of volatile compounds in group A, which indicates 
that volatiles in group A were rapidly formed in mayonnaises with GTE. Therefore, addition of GTE 
increased formation of certain volatile compounds in group A. The volatile compounds in group A 
are; four alcohols, two acids, four alkanals, four ketones, 12 hydrocarbons, three lactones and one 
miscellaneous. Further information on the origin of the compounds in group A is presented in Table 
6-4. In terms of flavour impact, generally aldehydes and ketones have low threshold values and high 
flavour impact, alcohols have moderate flavour impact and hydrocarbons have high threshold values 
thus low flavour impact (Kochhar, 1996). Further examination of the flavour/odour threshold of these 
compounds and the concentration is necessary.  
To gain more information some of compounds in group A i.e. heptanal, octanal and nonanal were 
quantified by static headspace GC × GC/TOF-MS (Figure 6-3). The concentration of these 
compounds increased during storage. The lowest concentrations or among the lowest concentrations 
of heptanal, octanal and nonanal were observed in BHA and CON, respectively, while GTE and TOC 
showed pro-oxidative effects. These results confirm our finding in Table 6-4.  
6.4.2 Impact of combination of tocopherol and green tea on formation of hydroperoxides and 
volatile compounds 
The combination of tocopherol (oil-soluble) and green tea (water-soluble) antioxidants on the 
oxidative stability of mayonnaise was studied. In this study equal part blend of each antioxidant was 
studied (250 mg/kg oil TOC + 250 mg/kg oil GTE). The improvement of antioxidant activity was 
seen compared to the individual extracts. GTT showed antioxidative activity and reduced the 
formation of hydroperoxides Figure 6-1. In mayonnaise, the mixture of green tea and tocopherol 
(GTT) exhibited excellent antioxidative activity on the basis of pentanal, hexanal and 2-heptenal 
(Figure 6-4) and its efficacy was higher than that of BHA after 15 days of storage. The GTT showed 
a strong protective effect compared to individual GTE (water-soluble antioxidant) and TOC (oil-
soluble antioxidant). 
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Figure 6-3. The concentration of heptanal, octanal and nonanal in mayonnaises during storage of 60 days. Results are 
means of triplicate analysis. Error bars show standard errors. CON (no antioxidant); BHA (butylated hydroxyanisole); 
TOC (tocopherol); GTE (green tea extract). 
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Figure 6-4. The concentration of pentanal, hexanal and 2-heptenal in mayonnaises during storage of 60 days. Results 
are means of triplicate analysis. Error bars show standard errors. CON (no antioxidant); BHA (butylated 
hydroxyanisole); TOC (tocopherol); GTE (green tea extract); GTT (tocopherol-green tea mixture). 
6.4.3 Effect of storage time and antioxidant type on colour stability 
During storage of mayonnaise, l* (lightness) decreased, while a* (+a* represents the red coordinate, 
−a is the green coordinate) increased (Figure 6-5). Storage time caused a decrease in lightness and 
greenness of the samples (Figure 6-5), which indicated that the samples darkened over time and 
became browner. The darkening and browning during storage was more pronounced in samples that 
had GTE (Figure 6-5).  
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Figure 6-5. Changes in a* and l* values during storage of 60 days. Error bars show standard errors. Data with different 
lowercase letters (for the same storage time), are significantly different (p <0.05) and photos of mayonnaise samples 
during storage of 60 days. CON (no antioxidant); BHA (butylated hydroxyanisole); TOC (tocopherol); GTE (green tea 
extract); GTT (tocopherol-green tea mixture). 
6.4.4 Effect of storage time and antioxidant type on sensory properties 
Descriptive analysis was employed to quantify the intensity of the sensory properties of the model 
mayonnaises stored for 60 days. A trained panel of 12 judges rated each mayonnaise in triplicate for 
the intensity of seven aroma and seven flavour attributes on a ten-point scale (0-10). The terms 
selected to describe lipid oxidation in mayonnaise in this study are somewhat similar to sensory 
attribute terms used in other studies for descriptive analysis of salad dressings based on an 
emulsion of sunflower oil (Sainsbury, Grypa, Ellingworth, Duodu, & De Kock, 2016) and fish 
oil mayonnaise (Jacobsen, Hartvigsen, Lund, Adler-Nissen, Holmer, et al., 2000; Jacobsen, 
Hartvigsen, Lund, Meyer, Adler-Nissen, Holstborg, & Hølmer, 1999; Jacobsen, Hartvigsen, 
Lund, et al., 2001; Timm-Heinrich et al., 2004). The sensory dataset with (n ꞊15 samples × 12 
panellists × 3 replicates) was analysed with a mixed model analysis of variance to explore the 
quality and robustness of the sensory data. The results of the model are shown in Table 6-5. All 
sensory attributes were significantly different (p < 0.05) between the mayonnaises with the exception 
of the aroma attributes of plastic/chemical, eggy and flavour attribute of savoury, tangy, saltiness, 
and hotness, which are marked with a star (*).  
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Table 6-5. Results of a mixed model analysis of variance showing interaction effects of factors on each sensory attribute 
(F ratio and significance shown) (15 samples × 12 panellists × 3 replicates). 
aSignificance indicated by ** (p<0.01), * (p<0.05) and ns not significant. 
A summary of results of panel performance showing discrimination ability, repeatability and 
consistency is presented in Table 6-6. Discrimination ability indicates attributes that can be 
significantly discriminated by panellists. Repeatability shows panellists repeatability ability for 
attributes. This evaluation shows that four panellists were none-discriminating. Excluding data 
from poor performing panellists had no significant effect on sensory data. Hence, all data set 
from all panellists were used for further analysis.  
Table 6-6. Panel performance analysis. Summary of sensory performance evaluation (15 samples × 12 panellists × 3 
replicates). The panel performance evaluation showed that  
Panellists 1 2 3 4 5 6 7 8 9 10 11 12 
Discrimination 1 3 3 1 3 2 4 6 1 2 2 1 
Repeatability 6 7 8 8 8 8 7 8 5 8 8 6 
Consistency 6 4 5 5 4 8 4 3 7 7 7 8 
Total*  13 14 16 14 15 18 15 17 13 17 17 15 
*The higher total score means better performance (ideal value for total is 24).  
Sensory attribute Sample Judge Replicate Sample × judge Sample × replicate Judge × replicate 
Aroma attribute 
Aroma intensity 2.54*a 22.20** 2.25ns 1.15 ns 1.09 ns 0.69 ns 
Plastic/chemical 1.43 ns 23.50** 0.74 ns 1.50** 1.10 ns 0.93 ns 
Rancid oil 3.07* 19.18** 1.06 ns 1.05 ns 1.05 ns 1.74* 
Vinegar 2.53* 27.44** 0.8ns 1.10ns 0.81ns 1.01ns 
Savoury/caramelised 1.97* 20.06** 2.08ns 1.38** 0.85ns 1.104ns 
Eggy  1.16ns 28.52** 0.22ns 1.17ns 1.18ns 0.99ns 
Fishy 4.70** 8.23** 1.02ns 1.62** 1.82* 2.59** 
Flavour attribute 
Savoury 0.86ns 82.85** 5.55* 1.28* 1.17ns 1.32ns 
Tangy 1.43ns 32.05** 0.13ns 1.29** 1.33ns 1.42ns 
Saltiness 1.69ns 69.03** 1.91ns 1.13ns 0.88ns 1.2ns 
Rancid oil 2.91** 19.20** 1.69ns 1.42* 1.05ns 1.13ns 
Fishy 6.27** 15.47** 0.43ns 1.79** 1.11ns 0.98ns 
Eggy 2.05* 19.49** 0.10ns 1.49** 0.96ns 2.56** 
Hotness 0.66ns 35.64** 2.14ns 1.32** 1.61** 0.7ns 
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Although the scale used for descriptive analysis contained ten points (0 – 10) the highest (mean) 
score of an aroma attributes for any sample was only 4.83 for aroma intensity and 3.46 for vinegar 
(Table 6-7). All other aroma attributes were rated (on mean) no greater than 2.42 (maximum) on 
a ten-point scale. This may indicate that only a few judges were rating these attributes, resulting 
in a low average score, or that the all panellists were typically using only the lower third of the 
scale. Most of the attributes have broad variation (CV > 50%) except aroma intensity. These results 
indicate that there was good agreement within the panel for the rating of these attributes compared to 
the attributes with lower variation (CV < 50%). 
Table 6-7.Summary of the descriptive analysis scores for the aroma and flavour of 15 samples. 
Sensory attribute Min.a Max.a Meanb SD CV (%) 
Aroma intensity 0.6 10 4.83 2.09 44 
Plastic/chemical 0.00 6.31 1.85 2.35 127 
Rancid oil aroma 0.01 6.99 2.42 2.44 101 
Vinegar aroma 0.42 7.67 3.46 2.39 69 
Savoury/caramel 0.00 5.32 1.47 1.86 127 
Eggy aroma 0.01 5.25 1.60 1.78 111 
Fishy aroma 0.00 5.37 1.33 2.14 161 
Tangy flavour 0.53 8.00 4.37 2.37 54 
Savoury flavour 0.36 7.73 3.43 2.51 73 
Saltiness flavour 0.49 8.69 4.34 2.71 62 
Rancid oil flavour 0.3 8.53 3.89 2.84 73 
Fishy flavour 0.01 6.59 1.94 2.58 133 
Eggy flavour 0.05 6.25 2.35 2.06 88 
Hotness flavour 0.00 6.47 2.06 2.34 114 
an= 3 replicates × 12 panellists 
bn= 3 replicates × 12 panellists × 15 samples 
(Scale of 0-10) 
With acceptable panel performance, data evaluation was conducted. To explore groupings 
between the mayonnaises the sensory data were analysed by PCA which explained 63.9% of the 
variation of data set in the two first PCs (Figure 6-6). From the visual observations of the PCA 
bi-plot, PC1 separated the mayonnaises according to antioxidant type (samples having GTE have 
positive PC1) and PC2 separated the mayonnaises according to the day of storage. The sensory 
attributes of fishy flavour and aroma are located near fresh mayonnaises with GTE (GTE and 
GTT). Addition of GTE to the model mayonnaise caused immediate formation of distinct fishy 
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aromas and flavours. Mayonnaises with GTE stored for 60 days were located in the same side of 
the plot as aroma intensity, rancid flavour and aroma.  
6.4.5 Sensory attributes and volatile compounds  
The predictive ability of volatile compounds (GC × GC method) for sensory terms was further 
investigated by PLS analysis, with the X-matrix comprising sensory terms and volatile compounds as 
Y-matrix (Figure 6-7). Addition of GTE caused immediate formation of distinct fishy and rancid 
aroma and flavour. To identify the responsible volatile compounds for fishy and rancid flavour and 
aroma, and eggy flavour, the volatile compounds that had significant positive correlation with these 
terms were selected (Jack-knife uncertainty test) (Figure 6-7). 3-methylsulfanylpropanal (methional) 
had the highest positive correlation with fishy, rancid and eggy aroma and flavour (Figure 6-7) 
whereas vinegar term was negatively related.  
 
Figure 6-6. PCA bi-plot of sensory properties (aroma (A) and flavour (F) attributes, n=3 replicates x 12 panellists) of 
samples stored for 1 day ●, 30 days ● and 60 days ●. * sensory attributes not significantly different (p > 0.05) between 
the mayonnaises. CON (no antioxidant); BHA (butylated hydroxyanisole); TOC (tocopherol); GTE (green tea extract); 
GTT (tocopherol-green tea mixture). 
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Figure 6-7. Correlation loadings plot of partial least square regression analysis (PC1, PC2), X꞊ sensory attributes 
(aroma (A) and flavour (F)) ● and Y꞊ volatile compounds ● (numbers represent peak number). Ellipses represent r2 ꞊ 
50%, 75% and 100% explained variance.
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Table 6-8. PLS derived regression coefficients for the relationship of sensory terms (X-matrix) to volatile compounds (Y-matrix) as determined by jack-knife uncertainty test (PC1). 
no.a volatile compounds 
flavour aroma  
odour threshold (ppb), descriptor 
fishy rancid intensity vinegar fishy rancid eggy 
78 3-methylsulfanylpropanal  0.17 0.17 0.14 -0.11 0.16 0.14 0.13 0.2d, potato-like3 
46 phenylacetaldehyde 0.13 0.12 0.10 -0.08 0.12 0.11 0.10 - 
57 2-methylnonane 0.12 0.12 0.10 -0.08 0.12 0.11 0.09 - 
63 2,6,7-trimethyldecane 0.12 0.11 0.10 -0.08 0.11 0.10 0.09 - 
64 tridecane 0.12 0.12 0.10 -0.08 0.12 0.11 0.09 - 
19 2-octanone 0.11 0.10 0.09 -0.07 0.10 0.09 0.08 510c, mould, green1 
25 3-penten-2-one 0.11 0.11 0.09 -0.07 0.11 0.10 0.09 - 
49 5-ethyldihydro-2(3H)-furanone 0.11*, b 0.11* 0.09 -0.07* 0.10 0.09* 0.08* - 
61 2,4,6-trimethylheptane 0.11 0.11 0.09 -0.07 0.11 0.10 0.09 - 
79 1-iodo-2-methylundecane 0.11* 0.11* 0.09* -0.07 0.10 0.09* 0.08* - 
18 4-methyl-2-heptanone 0.10 0.10 0.09 -0.07 0.10 0.09 0.08 - 
21 2-decanone 0.10 0.10 0.08 -0.06 0.09 0.08 0.07* - 
50 5-butyldihydro-2(3H)-furanone  0.10 0.10 0.09 -0.07* 0.10 0.09 0.08 282c, coconut-like2 
67 2,6-dimethylheptadecane 0.10* 0.10* 0.08* -0.07* 0.10 0.09* 0.08* - 
32 nonanal 0.09 0.09 0.08 -0.06 0.09 0.08 0.07 150, fatty, waxy, pungent1 
75 1,3-bis(2-methyl-2-propanyl)benzene 0.09 0.09 0.07 -0.06 0.09 0.08* 0.07 - 
24 1-octen-3-one 0.08 0.08 0.06 -0.05 0.07 0.07 0.06 10c, mushroom, mould, pungent1 
28 pentanal 0.08 0.08 0.06 -0.05 0.07 0.07 0.06 240c, woody, bitter, oily1 
30 heptanal 0.08 0.08 0.06 -0.05 0.07 0.07 0.06 500c, oily, fatty, woody1 
31 octanal 0.08 0.08 0.07 -0.05 0.08 0.07 0.06 320c, fatty, sharp1 
59 2,7-dimethyloctane 0.08 0.08 0.07 -0.05 0.08 0.07* 0.06* - 
10 1-hexanol 0.07 0.07 0.06 -0.05 0.07 0.06 0.05 400c, fruit, banana, soft1 
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no.a volatile compounds 
flavour aroma  
odour threshold (ppb), descriptor 
fishy rancid intensity vinegar fishy rancid eggy 
12 1-heptanol 0.07 0.07 0.06 -0.05 0.07 0.06 0.06 - 
17 2-heptanone 0.07 0.07 0.06 -0.05 0.07 0.06 0.06 300c, sweet, fruity1 
60 3-ethyloctane 0.07 0.07 0.06 -0.05 0.07 0.06 0.06 - 
62 2,6-dimethylundecane 0.07 0.07 0.05 -0.04 0.06 0.06* 0.05 - 
a Peak number. 
b Significance of regression coefficients, *p>0.1.  
c Odour threshold in oil. d Odour threshold in water. 
1Kalua, Allen, Bedgood, Bishop, Prenzler, & Robards, 2007. 2Matheis & Granvogl, 2016. 3Ho, Zheng, & Li, 2015. 
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 Discussion 
Lipid oxidation during storage of mayonnaise was demonstrated by the formation of lipid oxidation 
products (hydroperoxides and volatile compounds), change in sensory properties and colour stability.  
Incorporation of GTE (500 mg.kg oil), increased formation of hydroperoxides and certain volatile 
compounds. GTE used in this study is rich in polyphenolic compounds, containing 20% catechins 
and salt (NaCl). The pro-oxidative effect of GTE, a hydrophilic antioxidant, could be via its ability 
to reduce metal ions. Jacobsen, Schwarz, et al. (1999) previously found that about 40% of catechin is 
located at the oil-water interface where it could interact with metal ions from phosvitin. A similar 
trend was previously reported for pro-oxidative activity of gallic acid on decomposition of 
hydroperoxides in fish-oil enriched mayonnaise (Jacobsen, Hartvigsen, Thomsen, et al., 2001). Zhou 
and Elias (2013) have previously reported that antioxidants such as Epigallocatechin-3-gallate can 
act as antioxidants or pro-oxidants in O/W emulsions in that they can scavenge free radicals and 
reduce transition metals to their catalytically active state. GTE exhibited pro-oxidative effect in 
blubber oil, menhaden oil and corn O/W emulsion (Frankel et al., 1997; Huang & Frankel, 1997). 
Several reasons were reported for pro-oxidative effect of GTE, such as the catalytic effect of their 
chlorophylls (Wanasundara & Shahidi, 1998), partitioning of hydrophilic tea catechins in the water 
phase of emulsion and becoming less protective (Frankel et al., 1997). Another hypothesis could be 
the effect of metal ions on the activity of catechins. Catechins react with metal ions to form metal 
complexes (Ananingsih et al., 2013). The activity of catechins is reduced in the presence of Fe2+. 
Incorporation of TOC (500 mg.kg oil), seems to have slowed down the reactions that lead to the 
breakdown of the hydroperoxides once maximum hydroperoxides were reached. However increased 
formation of some of the volatile compounds. TOC is composed of 70% natural mixed TOCs and 
30% vegetable oil. The pro-oxidative effect of TOC has been previously reported in several bulk oil 
and mayonnaise systems (Jacobsen, Hartvigsen, Lund, Adler-Nissen, Holmer, et al., 2000; Jacobsen, 
Hartvigsen, Lund, et al., 2001; Karahadian & Lindsay, 1989; Rizner et al., 2000). TOCs act as 
antioxidants by donating hydrogen to lipid and/or to peroxide radicals. However, they can have pro-
oxidant activity at high concentrations by promoting the formation of hydroperoxides (Frankel et al., 
1994; Karahadian & Lindsay, 1989). Initial oxidation of TOC results in tocopheroxyl radicals that 
can increase oxidation by abstracting hydrogen from lipid hydroperoxides and converting them to 
active peroxide radicals rather than inhibiting lipid oxidation (Let et al., 2007). The two factors that 
play the most important roles in determining anti-/pro-oxidant activity of phenolic compounds in lipid 
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systems are pH and concentration (Zhou & Elias, 2013). Low pH promotes pro-oxidant activity of 
polyphenols. To clarify the anti-/pro-oxidant activity of GTE and TOC more information is needed 
on the effect of other variables such as pH and concentration. 
The combination of a hydrophilic antioxidant (green tea extract), with a hydrophobic antioxidant 
(tocopherols), improved antioxidant activity compared to the individual antioxidants. Green tea-
tocopherol mixture (GTT) reduced formation of hydroperoxides, pentanal, hexanal and 2-heptenal. 
Antioxidants in a hetrophasic system such as mayonnaise, may partition into at least three phases. 
Studies showed that the differences in activity between TOC and GTE may be due to an interfacial 
phenomenon (Frankel et al., 1997;Frankel et al., 1994). GTE partitions into the water phase and oil-
water interfaces, because of its water solubility (Jacobsen, Schwarz, et al., 1999). Jacobsen, Schwarz, 
et al. (1999) reported that approximately 6% of the α-tocopherol present in mayonnaise was located 
at the interface whereas the remaining TOC was located in the oil phase. The improved protective 
effect of GTT could be due to reduction of the TOC radicals, resulting from initial oxidation of TOC, 
at the surface of lipid droplets, by the water-soluble reductant in GTE, in the pseudo-phase interfacial 
layer (Buettner, 1993; Durand, Zhao, Coupland, & Elias, 2015) or reduction of the lipophilic radicals 
(Durand et al., 2015). Consistent with this, several studies have reported the regeneration of TOC by 
ascorbic acid, rosmarinic acid, caffeic acid and GTE (Durand et al., 2015; Panya et al., 2012; 
Sørensen, Villeneuve, & Jacobsen, 2017; Yin et al., 2012).  
Darkening and browning occurred during storage of mayonnaise. The decrease in lightness could be 
due to several reasons such as change in the droplet size of the emulsion, oxidative decomposition of 
different ingredients, especially the oil and Maillard reactions. During storage, the droplet size of the 
emulsion increases leading to a decrease in light scattering (Worrasinchai et al., 2006). The colour 
changes might partly result from Maillard reactions since egg yolk contains small amounts of 
reducing sugars and free amino acids, the Maillard reaction could have occurred slowly in the acidic 
conditions in the sample (pH 3–4) (Tananuwong & Tewaruth, 2010). Addition of GTE caused a more 
pronounced change in colour during storage that could be due to oxidation of phenolic compounds in 
GTE during storage and forming brown colour.  
Addition of green tea promoted fishy and rancid flavour and aroma in mayonnaise. The volatile 
compound methional, which has a low odour threshold with a fish-like aroma, was significantly and 
positively correlated with fishy and rancid flavour and aroma whereas vinegar term was negatively 
related. This could be due to the ability of the high fishy and rancid aroma in mayonnaises to shield 
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the natural vinegar aroma. Methional is a sulfur-containing compound (odour threshold value 0.2 ppb 
in water, a Strecker aldehyde of methionine) that has been found as one of the main odorants of GTE 
(Ho, Zheng, & Li, 2015). In The Good Scents company database, the taste of methional at 0.01- 5.00 
ppm is described as egg and seafood nuances. Further investigations of, e.g. odour threshold of 
methional in oil, as well as exact concentration, are necessary in order to form an accurate conclusion. 
 Conclusion 
In summary, the influence of hydrophilic and hydrophobic, and a mixture of hydrophilic/hydrophobic 
antioxidants was investigated by monitoring colour, hydroperoxides, volatile compounds and sensory 
properties of mayonnaise samples during storage for 60 days at 38 °C. Addition of GTE, a water-
soluble antioxidant, caused an increase in hydroperoxide concentration, was a pro-oxidant on certain 
volatile compounds, and promoted fishy and rancid flavours and aromas. The results of the predictive 
PLS (volatile compounds vs sensory attributes) revealed that methional is positively correlated with 
fishy, rancid and eggy aroma and flavour. The pro-oxidative effect of GTE could be due to 
partitioning of hydrophilic tea catechins in the water phase of the emulsion and becoming less 
protective and/or reduce transition metals to their catalytically active state. Further investigation is 
needed to confirm these hypotheses. GTE changed the colour of mayonnaise during storage. 
Evaluation of data shows that incorporation of GTE at 500 mg/kg (oil) concentration is not a suitable 
antioxidant for mayonnaise made with sunflower oil. TOC at 500 mg/kg (oil), an oil-soluble 
antioxidant, showed pro-oxidative effects on formation of some volatile compounds. Antioxidant 
efficacy of TOC mixtures could be influenced by the presence of a hydrophobic antioxidant (GTE). 
Green tea-tocopherol mixture appeared to inhibit the formation of hydroperoxides and certain volatile 
compounds to a greater extent, compared with individual extracts (TOC and GTE). More 
investigation needs to be done to understand the synergistic effect of TOC and GTE in terms of 
concentration, and type of lipid.  
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Chapter 7 Antioxidative effect of rosemary extract, lemon myrtle, 
and tocopherol on lipid oxidation in mayonnaise  
 
 
 
(At least 80% of this chapter will be submitted to the journal Food Chemistry. Reuse of the original 
submitted content in the thesis report with permission from Calingacion, M., Smyth, H. E. & 
Fitzgerald, M.)  
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 Abstract 
The previous chapter (Chapter 4, p.67) showed that several natural antioxidants have potential to be 
used in mayonnaise. These were tocopherols (TOC), lemon myrtle (LEM), water-soluble rosemary 
extract containing 2.7% carnosic acid (REW), and oil-soluble rosemary extract containing 5.2% 
carnosic acid (REO). The antioxidant properties of these were assessed and compared with butylated 
hydroxyanisole (BHA) in mayonnaise stored at 38 °C for 60 days. As the synergistic effect of 
tocopherol with a water-soluble antioxidant was seen in Chapter 6 (p.90), in this chapter the effect of 
the combination of TOC with LEM (L+T), and water-soluble rosemary extract (R+T) was studied. 
Formation of lipid oxidation products (hydroperoxides and volatile oxidation compounds), colour 
and sensory properties were all measured. All of the natural antioxidants inhibited lipid oxidation as 
well as BHA except REO. However, the sensory properties of LEM and REW were inferior compared 
to TOC and BHA. Irrespective of CA content and solubility, REW showed significantly higher 
antioxidant activity compared to REO in mayonnaise. Combination of TOC with LEM and REW did 
not exert a tendency for improving the activity of each individual antioxidant. Thus, TOC (1000 
mg/kg oil) can be recommended for food industry as a substitute to synthetic antioxidant in 
mayonnaise. 
 Introduction 
Lipid oxidation in food has been a major concern for the food industry as it is not only related to food 
quality deterioration, but also health problems such as cancer (Esterbauer, 1993). Lipid oxidation in 
complex food systems such as mayonnaise (oil in water emulsion system) is more complex than bulk 
oil systems (Ghorbani Gorji et al., 2016). Synthetic antioxidants, such as butylated hydroxytoluene 
(BHT), butylated hydroxyanisole (BHA) and tertiary butyl hydroquinone (TBHQ) are widely used in 
industry to inhibit lipid oxidation in foods. However, their effect on human health has been questioned 
by consumers (Madsen & Bertelsen, 1995) which has led to an increase in the use of natural 
antioxidants in food, such as rosemary extract, green tea extract and tocopherols. However, the 
application of these extracts as antioxidants is often limited because of the strong characteristic 
flavour of several of these natural antioxidants.  
Tocopherols (α-, β-, γ- and δ-tocopherols) are naturally occurring lipid-soluble antioxidants in 
vegetable oils and are the main natural antioxidants in fats. Tocopherols (TOC) are chain-breaking 
antioxidants. Some studies have shown the potential antioxidant activity of tocopherols in fish-oil 
enriched mayonnaise (Ghorbani Gorji et al., 2016; Jacobsen, Hartvigsen, Lund, et al., 2001).  
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Lemon myrtle (Backhousia citriodora) is a species in the Myrtaceae family, native to tropical and 
subtropical rainforests in Queensland, Australia (Konczak, Zabaras, Dunstan, & Aguas, 2010). 
Because of its unique lemon flavour (Smyth, Sanderson, & Sultanbawa, 2012), the leaf and flowers 
are used as ingredients in food products where the fresh and mild lemon flavour does not negatively 
impact on consumer acceptance (Clarke, 2012). Lemon myrtle (LEM) has high antioxidant activity 
(Konczak et al., 2010). The main compounds contributing to antioxidant activities are ellagic acid 
and derivatives and flavonoids (catechin, myricetin, hesperetin, and quercetin) (Sakulnarmrat & 
Konczak, 2012; Sommano, Caffin, & Kerven, 2013). Thus, lemon myrtle can be used as a source of 
natural antioxidant for the preservation of food. The application of lemon myrtle as antimicrobial 
preservative has been studied extensively (Sultanbawa, 2016). However, to the best of the authors’ 
knowledge, its application as a natural antioxidant in food products has not been studied.  
Many researches showed that rosemary extracts have antioxidant activity and could be used as natural 
food preservative (Alizadeh et al., 2016; Basappa Maheswarappa et al., 2014; Hraš, Hadolin, Knez, 
& Bauman, 2000; Naveena et al., 2013; Shah, Bosco, & Mir, 2014; Wada & Fang, 1992; Zhang et 
al., 2010). Phenolic diterpenes and acids such as carnosic acid (CA), carnosol and rosmarinic acid are 
the major bioactive compounds in rosemary extracts (Frankel, Huang, Aeschbach, & Prior, 1996). 
Although many studies have been done on using rosemary or its extract as an antioxidant in oil, meat 
and meat products (Alizadeh et al., 2016; Basappa Maheswarappa et al., 2014; Hraš et al., 2000; 
Naveena et al., 2013; Shah et al., 2014; Wada & Fang, 1992; Zhang et al., 2010), few studies have 
been carried out on using rosemary extract as an antioxidant in a mayonnaise-like emulsion (Gorji et 
al., 2016).  
Antioxidants activity is dependent on their concentration, solubility and the amount and composition 
of active compounds. Antioxidants could be either water or oil-soluble. In systems such as 
mayonnaise the solubility of an antioxidant can affect antioxidant activity. Based on the polar paradox 
theory, non-polar antioxidants are more active in polar lipid emulsions (Frankel et al., 1994; Frankel, 
Huang, Prior, & Aeschbach, 1996). Not only is the solubility of antioxidant important but also the 
amount of active compounds in the extracts could affect the antioxidant efficacy (Basappa 
Maheswarappa et al., 2014).  
Many studies have been done on the synergistic effects of natural antioxidants in food products. The 
synergistic effect of tocopherol with other antioxidants such as rosemary extract (Hraš et al., 2000; 
Moen, Stoknes, & Breivik, 2017; Wada & Fang, 1992) have been investigated. However, conflicting 
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results have been reported. Evaluating the synergistic effect of natural antioxidants in a mayonnaise-
like model emulsion has been particularly difficult because of the complex interfacial phenomena 
affecting the partition of the antioxidants in multiphase system. Unfortunately, there is limited 
information on how the combination of antioxidants impacts their activity in a mayonnaise-like 
emulsion. 
Using natural antioxidants in mayonnaise has been studied (Gorji et al., 2016), but only a few studies 
are available on the influence of natural antioxidants in mayonnaise-like emulsions containing nearly 
80% sunflower oil. Due to the complexity of the lipid oxidation process and efficacy of natural 
antioxidants in a mayonnaise-like emulsion, more research is needed for more successful 
development of natural antioxidant systems.  
The main goal for the present study was to develop an antioxidant system for mayonnaise by 
considering both oxidative stability and sensory properties. Furthermore, the aim was to study the 
effect of carnosic acid concentration and solubility on lipid oxidation. To improve the efficacy of 
antioxidants the combination of oil-soluble antioxidant with water-soluble antioxidants on the 
oxidative stability of mayonnaise was also investigated.  
 Materials and methods 
7.3.1 Materials 
Raw materials for mayonnaise are exactly as described in the section 6.3.1. Materials (p.92). 
The tocopherol mixture (GUARDIANTM Toco 70) was kindly donated by Danisco Australia (DuPont 
Nutrition & Health, Australia) which was oil-soluble. The active tocopherols were distributed as 
15.4% (w/w) α -tocopherol, 59.1% (w/w) β and γ-tocopherol, 25.5% (w/w) δ -tocopherol homologue, 
corresponding to 70% of the tocopherol mixture. Commercially available dried powders of lemon 
myrtle were bought from a local supplier (Herbi’s spices) in Australia. Refined oleoresin rosemary 
extracts OxikanRW (2.7% CA; water dispersible) and OxikanR (5.2% CA; oil-soluble) were kindly 
donated by Kancor Ingredients Ltd (Ernakulam, India). 
Ammonium ferrous sulfate, cumene hydroperoxide, butylated hydroxy toluene (BHT), xylenol 
orange [o-cresolsulfonphthalein-3,3-bis (methyliminoacetic acid sodium salt)], sulfuric acid, 
methanol and propan-1-ol were from Sigma AldrichExternal analytical standards used for 
identification and quantification of volatile compounds are listed in Table 3-1. 
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7.3.2 Production of mayonnaise and storage experiment 
Eight different formulations of mayonnaise were produced, exactly as previously described in the 
section 3.3.2. Preparation and storage of mayonnaise (p.47) to assess the effect of antioxidant type. 
Table 7-1 shows the Sample details including doses of antioxidant. Mayonnaise without any 
antioxidant (CON) was used as a control sample. Antioxidants were added to either the oil or water 
phase before the emulsification. Oil-soluble antioxidants BHA, tocopherol mixture (TOC), rosemary 
extract (OxikanR, REO) were added in the oil phase and water-soluble/dispersible antioxidants 
rosemary extract (OxikanRW, REW) and dried lemon myrtle (LEM) were added in the water phase. 
Tocopherol was chosen to combine with water-soluble antioxidants, rosemary extract (R+T) and 
dried lemon myrtle (L+T) to study the potential synergistic activity between them. Mayonnaise with 
BHA was made to compare its antioxidant activity against natural antioxidants. BHA was added at 
200 mg/kg oil, based on the maximum amount allowed in edible oils according to the Food and Drug 
Administration (FDA), while the concentration of natural antioxidants was standardised based on the 
results of Chapter 5. These compounds are generally recognized as safe (GRAS) and can be used 
according to the good manufacturing practices. Each treatment was made in triplicate. Each sample 
was placed a sterilized (tightly closed) screw-capped 75-mL specimen jar and all jars were incubated 
at 38 °C for 60 days. A temperature of 38 °C was chosen to accelerate the rate of lipid oxidation. 
Samples of each formulation were taken for hydroperoxides and GC ×GC/TOF-MS measurements 
after 1, 15, 30, 45 and 60 days of storage, colour after 1, 30, and 60 days of storage and for sensory 
analysis after 1 and 60 days of storage. Samples were kept at -80 °C until the hydroperoxide and 
volatile compound analyses while all other analyses were made directly after sampling.  
7.3.3 Colour measurement 
Colour of the mayonnaise samples was measured as exactly described in the section 6.3.3 (p.94).  
7.3.4 Measurement of lipid oxidation products 
7.3.4.1 Hydroperoxides concentration. 
Hydroperoxides were measured as described in the section 3.3.4 (p.48).  
7.3.4.2 Volatile compounds 
Volatile compounds in mayonnaises were measured as described in the section 3.3.5 (p.48). 
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Seven volatile oxidation compounds that have previously been shown to correlate with lipid oxidation 
degree in mayonnaise in the Chapter 3 were selected for quantification through standard curves as 
described in the Chapter 6.  
The antioxidant efficacy was calculated as the inhibition (%) by  
Inhibition (%) = ((VOxC sample, CON – VOxC sample, antioxidant)/ VOxC sample, CON) × 100 
7.3.5 Sensory evaluation 
Difference from Control test was used to determine whether a difference existed between the sample 
stored for 60 days and the control (fresh mayonnaise), and to evaluate the degree of such a difference 
(100-point scale ranged from ‘extreme difference’ to ‘no difference’). In this test, each panelist was 
given three samples of mayonnaise, with one fresh sample of each formulation that was designated 
as the reference and two test samples. Panelists were asked to rate the overall difference between each 
sample and the control. In addition, a comment opportunity was provided, in which panelists could 
write in comments regarding what they thought about the major differences in the samples. Before 
testing, panelists were informed that some of the test samples might be the same as the control. 
Samples (in triplicate) were served in plastic cups (30 ml) coded with three-digit random numbers 
and served in a randomised order. Sensory sessions were held in a purpose-build sensory evaluation 
laboratory which was temperature controlled (22 °C), and which was equipped with 12 isolated 
sensory booths and computers. Green and red lighting was used to avoid bias that may result from 
differences in colour. The software used for data collection was FIZZ acquisition software (Bio- 
System, Couternon, France). This test was performed by 14 members (three males, 11 females, aged 
37-66 years with a mean age of 48) who had been selected for their abilities to discriminate basic 
odours and tastes according to standard procedures (ISO, 1991, 1992, 1993). All members were 
familiar with the test and the meaning of the scale. The resulting mean difference-from-control 
estimates were evaluated by comparing to the mean difference obtained from blind control.  
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Table 7-1. Sample details including antioxidant, antioxidant concentration and sample code. 
Antioxidant Brand & Manufacturer Sample code Phasea 
Concentration 
(mg/kg oil) 
Control - CON - - 
BHA - BHA Oil 200 
Mixture of tocopherols (α-tocopherol, 15.4% w/w, β and γ-tocopherol, 
59.1% w/w, and δ-tocopherol 25.5% w/w) 
GUARDIANTM Toco 70, Danisco TOC Oil 1000 
Lemon myrtle leaf grounded Herbi’s spices LEM Water 3000 
Rosemary extract (2.7% CAb, water dispersible) OxikanRW, Kancor REW Water 3000 
Rosemary extract (5.2% CA, oil-soluble) OxikanR, Kancor REO Oil 3000 
Lemon myrtle + tocopherol 
Herbi’s spices + GUARDIANTM Toco 70, 
Danisco 
L+T Water + oil 3000 + 1000 
Rosemary extract (2.7% CA) + tocopherol 
OxikanRW, Kancor + GUARDIANTM 
Toco 70, Danisco 
R+T Water + oil 3000 + 1000 
a To which antioxidant was added. 
b Carnosic acid
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7.3.6 Statistical analysis 
All the experiments were conducted on triplicate samples. The obtained results were analysed by 
analysis of variance (XLSTAT, version 2014.6.05, Add in soft 1995-204, CA, USA). To determine 
the significant differences among means a post hoc Tukey test (p <0.05) was used. 
Volatile compounds associated with lipid oxidation present in more than 50% of the QA samples 
were used for the analysis. To get a quantitative information about the relationship between design 
variables (antioxidant type and storage time) and volatile oxidation compounds, partial least square 
analysis was performed. The design variables used as X-variables were X꞊ type of antioxidants (CON, 
BHA, TOC, REW, REO and LEM) and individual quantitative variables for storage days 1, 15, 30, 
45 and 60. Peak area data from volatile oxidation compounds measurement were used as Y-variables. 
All multivariate analyses were performed on Pareto-scaled data using SIMCA 14 (MKS Umetrics, 
Sweden). 
 Results 
7.4.1 Evaluation the antioxidant efficacy in mayonnaise 
The efficacy of antioxidants (BHA, TOC, LEM, REW and REO) against the formation of 
hydroperoxides and lipid oxidation volatile compounds was evaluated in mayonnaises. Effect of 
antioxidants in inhibiting formation of hydroperoxides, is presented in Figure 7-1. All the 
antioxidants except REO (5.2% CA, oil-soluble) were effective (p < 0.05) in inhibiting formation of 
hydroperoxides in mayonnaises relative to CON samples (Figure 7-1). Furthermore, the antioxidant 
effects of TOC, LEM and REW were like BHA. In contrast, REO (5.2% CA, oil-soluble) 
demonstrated no protective effect on formation of hydroperoxides.  
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Figure 7-1. Effect of treatments CON (no antioxidant), BHA (butylated hydroxyanisole), TOC (tocopherol), LEM (lemon 
myrtle), REW (rosemary extract, water-soluble) and REO (rosemary extract, oil-soluble) during storage of 60 days at 38 
°C on formation of hydroperoxides. Data points and error bars represent means ± standard errors (n = 3). Means with 
different capital letter superscripts in the same day of storage are significantly different (P < 0.05). 
More than 100 volatile compounds were detected in the headspace of mayonnaise. Compounds that 
originated from ingredients were excluded from the analysis, therefore 44 of these compounds were 
associated with lipid oxidation and used for further analysis. The lipid oxidation volatile compounds 
identified included one acid, six alcohols, nine ketones, 14 aldehydes, five furan derivatives, seven 
hydrocarbons and two so-called miscellaneous (Table 7-2). 
To get quantitative information about relationships between design and data variables PLS analysis 
(Figure 7-2) was performed, using the design variables of antioxidant type and days of storage as X-
matrix and peak area of volatile oxidation compounds as Y-matrix. In the PLS analysis of volatile 
oxidation compounds, three PCs were validated explaining 94% of the variance in X-data and 69% 
of the variance in Y-data. In the loadings plot of the PLS design with variable days of storage (D) 
spanned across PC1 and positively correlated with volatile oxidation compounds. Design variables 
of antioxidant type spanned PC2 with CON and REO having positive PC2 and TOC, LEM and REW 
having negative PC2. Therefore, PC2 mainly described the differences between antioxidant 
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treatments. All the volatile oxidation compounds had positive PC2 values and were located near CON 
(no antioxidant) and REO that indicates high level of lipid oxidation, while the TOC, LEM and REW 
treatments are associated with a low level of lipid oxidation indicating good antioxidative effect 
compared to CON (no antioxidant) and REO. Differences in volatile oxidation compounds between 
water-soluble and oil-soluble rosemary extracts were found.  
 
Figure 7-2. Partial least square regression analysis (PC1, PC2) correlation loadings plot, X꞊ design variables ● (days 
of storage: D and antioxidant type: BHA, CON, TOC, LEM, REW, REO) and Y꞊ analytical variables ▲ (volatile oxidation 
compounds detected in mayonnaise using two-dimensional gas chromatography time-of-flight-mass spectrometry). 
Ellipses represent r2 ꞊ 75% and 100% explained variance. CON: no antioxidant; BHA: butylated hydroxyanisole; TOC: 
tocopherol; LEM: lemon myrtle; REW: rosemary extract, water-soluble; REO: rosemary extract, oil-soluble. 
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Table 7-2. Volatile compounds detected in the headspace of mayonnaise using two-dimensional gas chromatography time-of-flight mass spectrometry. Standardize, estimated 
regression coefficient from partial least square (PLS) for the relationship of design variables (X-matrix) to volatile compounds (Y-matrix) as determined by jack-knife uncertainty test 
(PC2). 
No.a Compound Identificationb 
Design variables 
D CON REO TOC LEM BHA REW 
 Acid (1)         
1 Hexanoic acid NIST, Std 42.53c 336.16 115.43 -109.96 -83.73 -68.09 -52.04 
 Alcohol (6)         
2 1-Butanol NIST, Std 99.24 169.80 58.58 -55.45 -42.25 -34.58 -26.29 
3 1-Pentanol NIST, Std 146.40 592.98 203.87 -193.89 -147.67 -120.29 -91.80 
4 1-Hexanol NIST, Std 48.71 181.65 62.47 -59.39 -45.23 -36.86 -28.12 
5 2-Hepten-1-ol NIST 53.21 280.14 96.25 -91.62 -69.77 -56.79 -43.37 
6 1-Octen-3-ol NIST, Std 151.05 779.56 267.86 -254.94 -194.15 -158.03 -120.69 
7 4-Ethylcyclohexanol NIST, Std 62.85 484.09 166.23 -158.35 -120.58 -98.06 -74.95 
 Saturated linear ketone (5)         
8 2-Pentanone NIST, Std 30.12 50.94 17.58 -16.64 -12.68 -10.38 -7.89 
9 2-Hexanone NIST, Std 35.81 74.18 25.57 -24.24 -18.46 -15.09 -11.48 
10 2-Heptanone NIST, Std 64.52 231.41 79.59 -75.66 -57.62 -46.96 -35.83 
11 2-Octanone NIST, Std 28.74 56.50 19.48 -18.46 -14.06 -11.50 -8.75 
12 4-Methyl-2-heptanone NIST 28.01 48.09 16.59 -15.71 -11.97 -9.80 -7.45 
 Unsaturated linear ketone (3)         
13 1-Penten-3-one NIST 124.66 314.92 108.44 -102.92 -78.40 -64.00d* -48.75 
14 1-Octen-3-one NIST, Std 53.84 211.15 72.60 -69.04 -52.58 -42.84 -32.69 
15 3-Penten-2-one NIST 37.99 66.00 22.77 -21.56 -16.42 -13.44 -10.22 
 Cyclic ketone (1)         
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No.a Compound Identificationb 
Design variables 
D CON REO TOC LEM BHA REW 
16 2-Methylcyclopentanone NIST 16.03 72.20 24.81 -23.61 -17.98 -14.64 -11.18 
 Alkanal (5)         
17 Pentanal NIST, Std 386.90 1657.20 569.67 -541.89 -412.69 -336.11 -256.56 
18 Hexanal NIST, Std 554.09 2422.30 832.64 -792.09 -603.24 -491.27 -375.02 
19 Heptanal NIST, Std 67.41 273.77 94.12 -89.52 -68.17 -55.53 -42.38 
20 Octanal NIST, Std 37.19 175.72 60.39 -57.46 -43.76 -35.63 -27.20 
21 Nonanal NIST, Std 43.28 153.28 52.72 -50.11 -38.17 -31.11 -23.73 
 Alkenal (5)         
22 2-Pentenal NIST, Std 52.58 233.47 80.25 -76.35 -58.14 -47.35 -36.15 
23 2-Hexenal NIST, Std 57.21 398.07 136.71 -130.21 -99.15 -80.65 -61.63 
24 2-Heptenal NIST, Std 124.84 786.87 270.27 -257.36 -195.98 -159.45 -121.82 
25 4-Heptenal NIST, Std 47.44 441.88 151.69 -144.55 -110.07 -89.49 -68.41 
26 2-Octenal NIST, Std 83.99 667.22 229.10 -218.26 -166.20 -135.15 -103.30 
 Alkadienal (2)         
27 2,4-Heptadienal NIST, Std 81.58 233.60 80.40 -76.35 -58.16 -47.45 -36.17 
28 2,4-Decadienal NIST, Std 122.40 607.59 208.79 -198.70 -151.32 -123.18 -94.06 
 Aromatic aldehyde (2)         
29 Benzaldehyde NIST 75.51 38.65 13.53 -12.56 -9.59 -8.00 -5.98 
30 Phenylacetaldehyde NIST 68.18 214.49 73.80 -70.12 -53.40 -43.55 -33.21 
 Furan derivatives (5)         
31 2-Ethylfuran NIST 201.67 662.10 227.77 -216.45 -164.86 -134.40d* -102.50 
32 2-Propyl-furan NIST 185.02 367.20 126.59 -119.96 -91.39 -74.72 -56.85 
33 2-Butylfuran NIST 127.32 756.13 259.74 -247.30 -188.32 -153.24 -117.06 
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No.a Compound Identificationb 
Design variables 
D CON REO TOC LEM BHA REW 
34 2-Pentylfuran NIST, Std 399.20 1654.40 568.75 -540.95 -411.98 -335.57 -256.12 
35 2-Furaldehyde (Furfural) NIST, Std 82.17 408.19 140.27 -133.49 -101.66 -82.76 -63.19 
 Saturated hydrocarbon (6)         
36 Octane NIST, Std 141.56 890.99 306.04 -291.42 -221.92 -180.55 -137.94 
37 Nonane NIST, Std 61.42 142.18 48.98 -46.46 -35.39 -28.91* -22.01 
38 Decane NIST 282.61 365.99 126.53 -119.45 -91.04 -74.71* -56.66 
39 Undecane NIST, Std 266.07 335.06 115.86 -109.35 -83.34 -68.42* -51.87 
40 Dodecane NIST, Std 114.87 96.08 33.36 -31.31 -23.88 -19.71* -14.87* 
41 Hexadecane NIST 28.76 103.32 35.53 -33.78 -25.73 -20.97 -16.00 
 Diunsaturated hydrocarbon (1)         
42 1,3-Octadiene NIST 19.41 121.81 41.84 -39.84 -30.34 -24.68 -18.86 
 Miscellaneous (2)         
43 Dimethyldisulfide NIST 21.27 241.41 82.86 -78.98 -60.14 -48.88 -37.38 
44 1-Iodo-2-methylundecane NIST 114.30 311.42 107.20 -101.78 -77.53 -63.26 -48.21 
D: days (1, 15, 30, 45 and 60); BHA: butylated hydroxyanisole; TOC: tocopherol; LEM: lemon myrtle; REW: rosemary extract, water-soluble; REO: rosemary extract, oil-soluble. 
a Numbers correspond to the labelled peaks  
b Method of identification: NIST: putatively identified on MS fragmentation patterns and NIST library, Std: have been further identified by means of retention time and spectra of authentic reference standards. 
c Standardize, estimated regression coefficient 
d Significance of regression coefficients. 
*p>0.1
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To determine the statistical significance of the relationship (p<0.1) between antioxidant type, storage 
time (design variables, X-matrix) and volatile oxidation compounds (Y-matrix) jack-knifing 
uncertainty test of estimated regression coefficients (Table 7-2) was used (Nissen, Byrne, Bertelsen, 
& Skibsted, 2004). During storage, total lipid oxidation volatile contents increased in all samples, 
reflected in significant and positive correlation with storage time (D). However, some variations were 
verified in the individual formulations. A significant and positive correlation between CON (no 
antioxidant) and REO with volatile oxidation compounds was observed which was in accordance 
with the location of REO close to CON and volatile compounds in the loadings plot (Figure 7-2). In 
contrast, a significant negative correlation between TOC, LEM, BHA and REW with volatile 
oxidation compounds was observed. Therefore, TOC, LEM, BHA and REW significantly reduced 
the lipid oxidation volatile compounds during storage of 60 days. Whereas, REO was not able to 
reduce the lipid oxidation volatile compounds.  
To gain more information on the effect of antioxidant on volatile oxidation compounds, seven 
aldehydes i.e. pentanal, hexanal, heptanal, octanal, nonanal, 2-heptenal and 2,4-heptadienal were 
quantified during storage of 60 days (Figure 7-3). These compounds were chosen as they play a major 
role in the development of rancid odours in mayonnaise and sunflower oil due to their low sensory 
threshold values (Guillén et al., 2005; Jacobsen, Hartvigsen, Lund, Adler-Nissen, Holmer, et al., 
2000), as well as being representative for compounds originate from linoleic fatty acids (pentanal, 
hexanal and 2-heptenal), oleic fatty acids (octanal and nonanal) and linolenic fatty acids (2,4-
heptadienal) (E. Frankel, 1985). In general, the concentration of these seven aldehydes increased 
during storage. This result agrees with the significant positive correlation between the storage time 
and aldehydes formation presented in Table 7-2. The highest concentrations were found in CON 
samples compared to other formulations. This result indicated the advanced stage of lipid oxidation, 
in agreement with the significant positive regressions (Table 7-2) for CON samples. A 2–3-fold 
difference in concentration of aldehydes could be observed when comparing the control sample with 
samples containing TOC, REW, LEM and BHA whereas REO seemed to provide no or little 
protection against formation of aldehydes. Overall, TOC, LEM, BHA and REW were the most 
effective antioxidants in decreasing the concentration of aldehydes, followed by REO. The order of 
the antioxidant efficacy for protection against aldehydes formation from lowest to highest was CON 
< REO < REW = BHA = LEM = TOC. The analysis of variance confirms the results from the 
regression coefficients (Table 7-2).
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Figure 7-3. Effect of treatments CON (no antioxidant), BHA (butylated hydroxyanisole), TOC (tocopherol), LEM (lemon myrtle), REW (rosemary extract, water-soluble) and REO 
(rosemary extract, oil-soluble) during storage of 60 days at 38 °C on formation of aldehydes: pentanal; hexanal; heptanal; octanal; nonanal; 2-heptenal and 2,4-heptadienal. Data 
points and error bars represent means ± standard errors (n = 3). Means with different capital letter superscripts in the same day of storage are significantly different (P < 0.05). 
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7.4.2 Synergistic effect of TOC with water soluble antioxidant 
The inhibition (%) of the formation of lipid oxidation volatile compounds was calculated for the 
stored mayonnaises at 15, 30, 45 and 60 days (only hexanal is shown as an example of volatile 
compounds, Table 7-3). The inhibition (%) of volatile compounds shows no improvement in 
antioxidative effect regardless the antioxidant combination (Table 7-3).  
Table 7-3. Antioxidant efficacy as % inhibition of the hexanal of stored mayonnaises (at 15, 30, 45 and 60 days 
Treatment 
Hexanal inhibition % 
Storage time (day) 
15 30 45 60 
BHA 77.73 ±2.95 A 85.99± 3.29A 74.57 ± 1.78A 60.64 ± 8.48A 
TOC 83.71 ± 2.11A 79.52 ± 3.91A 74.57 ± 2.42A 62.62 ± 8.17A 
LEM 81.60 ± 3.87A 77.82 ± 5.70A 68.31 ± 10.29A 58.21 ±9.32A 
REW 65.12 ± 8.00A 66.99 ± 15.44A 62.91 ± 13.2A 67.38 ± 4.42A 
L+T 75.53 ± 5.90A 79.25 ± 6.54A 75.40 ± 3.24A 70.50 ± 60.10A 
R+T 75.70 ± 6.00A 79.70 ± 6.87A 82.36 ± 2.11A 68.84 ± 10.44A 
BHA: butylated hydroxyanisole; TOC: tocopherol; LEM: lemon myrtle; REW: rosemary extract, water-soluble; L+T: 
lemon myrtle + tocopherol; R+T: rosemary extract (water-soluble) + tocopherol. 
Values are expressed as mean ± standard deviation (n = 3). 
Means with different capital letter superscripts in the same column are significantly different (P < 0.05). 
7.4.3 Colour stability of mayonnaise 
Incorporating LEM, REO and REW changed the colour properties of mayonnaise (Table 7-4, Figure 
7-4). The addition of powdered LEM into fresh mayonnaise decreased the lightness and yellowness 
and increased redness values of mayonnaise (Figure 7-4, Table 7-4). Incorporating rosemary extracts 
into the fresh mayonnaise resulted in increased yellowness (Table 7-4). However, addition of TOC 
and BHA into fresh mayonnaise had no significant effect on colour compared with CON. In general, 
the storage time caused a decrease in lightness and an increase in redness. This indicated the 
darkening or browning effect. The greatest change in a* value occurred in LEM samples. However, 
BHA and TOC had significant effect on inhibiting colour change during storage. 
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Figure 7-4. Photos of the different formulations of fresh mayonnaise: CON (no antioxidant), BHA (butylated 
hydroxyanisole), TOC (tocopherol), LEM (lemon myrtle), REW (rosemary extract, water-soluble) and REO (rosemary 
extract, oil-soluble). 
Table 7-4. Effect of antioxidant addition on lightness (L*), redness (a*) and yellowness (b*) values of mayonnaises stored 
for up to 60 days.  
Treatment Parameter Storage time (day) 
1 30 60 
CON Lightness 
L* 
80.98 ± 0.21Aa 81.11 ± 0.06Aa 77.22 ± 0.33Cb 
BHA 81.12 ± 0.01Aa 81.21 ± 0.23 Aa 81.43 ± 0.12Aa 
TOC 80.62 ± 0.03Aa 80.31 ± 1.01 Aa 80.40 ± 0.17Aa 
REW 80.82 ± 0.23Aa 80.76 ± 0.40Aa 78.40 ± 0.12Bb 
REO 79.50 ± 0.18Aa 79.34 ± 0.19Ba 76.56 ± 0.10Cb 
LEM 74.19 ± 0.06Ba 69.94 ± 0.11Bb 63.27 ± 0.33Dc 
CON Redness 
a* 
-1.09 ± 0.02Bc -0.89 ± 0.01Cb 0.04 ± 0.04Ba 
BHA -1.08 ± 0.03Bb -0.91 ± 0.00Cb -0.66 ± 0.02Da 
TOC -1.17 ± 0.00Bb -1.10 ± 0.37Db -0.81 ± 0.02Da 
REW -1.17 ± 0.03Bb -0.59 ± 0.02Ba -0.37 ± 0.03Ca 
REO -1.39 ± 0.03Cc -0.54 ± 0.01Bb -0.09 ± 0.02Ba 
LEM -0.56 ± 0.05Ac 1.60 ± 0.02Aa 1.44 ± 0.03Ab 
CON Yellowness 
b* 
13.35 ± 0.08Bc 14.28 ± 0.11Bb 15.76 ± 0.15Ca 
BHA 13.27 ± 0.10Ba 13.81 ± 0.07Ba 13.76 ± 0.07Da 
TOC 13.76 ± 0.02Ba 13.71 ± 1.22Ba 13.54 ± 0.11Da 
REW 15.71 ± 0.11Ab 17.39 ± 0.21Aa 16.73 ± 0.05Ba 
REO 15.74 ± 0.18Ab 17.79 ± 0.07Aa 17.78 ± 0.09Aa 
LEM 8.71± 0.05Cc 9.64 ± 0.19Cb 11.43 ± 0.15Ea 
BHA: butylated hydroxyanisole; TOC: tocopherol; LEM: lemon myrtle; REW: rosemary extract, water-soluble; REO: 
rosemary extract, oil-soluble. 
Values are expressed as mean ± standard deviation (n=3). 
Within each parameter, means with different small letter superscripts in the same row are significantly different (P < 
0.05). 
Within each parameter, means with different capital letter superscripts in the same column are significantly different (P 
< 0.05).  
7.4.4 Sensory evaluation  
Table 7-5 shows the results of the Difference from Control test. BHA and TOC stored for 60 days 
had the least difference from control (fresh mayonnaise), indicating that the storage caused a 
relatively small change in the overall quality, whereas this change was significantly higher in samples 
that had no antioxidant. These results indicated the good antioxidant activity of BHA and TOC on 
sensory properties of mayonnaise.  
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Mayonnaise with oil-soluble and water dispersible rosemary extracts were detected as having a 
rosemary-like aroma and mayonnaise with lemon myrtle was detected as having lemon, herb-like 
aroma. The flavour and aroma of dried lemon myrtle has been described as lemon candy with some 
sweetness and cooling on the palate (Smyth et al., 2012).  
Table 7-5. Effect of antioxidant addition on sensory characteristics of mayonnaise in comparison with fresh mayonnaise. 
Treatment 
Storage time (day) 
1 60 
BHA 9.52 ± 3.05 Ba 34.81 ± 5.31 Ac 
TOC 13.38 ± 3.29 Ba 33.66 ± 4.96 Ac 
LEM 12.30 ± 3.35 Ba 51.80 ± 6.65 Aabc 
REW 15.76 ± 5.12 Ba 56.27 ± 6.91 Aabc 
REO 20.42 ± 4.67 Ba 61.00 ± 11.73 Aab 
CON 21.38± 5.07 Ba 73.34 ± 4.29 Aa 
BHA: butylated hydroxyanisole; TOC: tocopherol; LEM: lemon myrtle; REW: rosemary extract, water-soluble; REO: 
rosemary extract, oil-soluble. 
Values are the mean ± standard error (n=42). 
Means with different small letter superscripts in the same column are significantly different (P < 0.05). 
Means with different capital letter superscripts in the same row are significantly different (P < 0.05). 
 Discussion 
Hydroperoxides are the primary lipid oxidation products, which decompose into secondary lipid 
oxidation products such as aldehydes, ketones, alcohols, etc. during lipid oxidation. Studying primary 
and secondary lipid oxidation products is necessary for determination of antioxidant activity (Huang 
et al., 1994). Moreover, lipid oxidation volatile compounds, secondary lipid oxidation products, have 
a great impact on sensory properties and development of off-flavour in food (Jacobsen, 2015). Lipid 
oxidation during storage of mayonnaise was clearly shown by the formation of hydroperoxides and 
lipid oxidation volatile compounds. Incorporation of TOC, LEM and REW reduced formation of lipid 
oxidation products. The tocopherol mixture, lemon myrtle and rosemary extract are known to have 
powerful antioxidative activities in different systems such as in situ and in vitro (Ghorbani Gorji et 
al., 2016; Konczak et al., 2010). The protective effect of rosemary extract and tocopherol against 
formation of hydroperoxides in different systems such as sunflower oil has been reported (Huang et 
al., 1994; Samdani, McClements, & Decker, 2018; Zhang et al., 2010). The antioxidant activity of 
lemon myrtle is linked to ellagic acid and derivatives and flavonoids (catechin, myricetin, hesperetin, 
and quercetin) (Sakulnarmrat & Konczak, 2012; Sommano et al., 2013).  
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One of the major bioactive compounds in rosemary extract is carnosic acid (CA) (Frankel, Huang, 
Aeschbach, et al., 1996). A differentiation of rosemary extracts according the carnosic acid 
percentage and solubility is expected. Although REO with 5.2% CA had higher carnosic acid content, 
it exhibited similar in vitro ABTS radical-scavenging activity and reducing power to REW with 2.7 
% CA Table 5-3. Based on hydroperoxides and volatile oxidation data, REO had no effect on 
formation of primary oxidation products and little/limited effect on secondary oxidation products. it 
could be concluded that the REW had greater antioxidative effect than REO. Therefore, the difference 
could not be due to the difference in carnosic acid content. The difference is suggested to be due to 
the difference in solubility of these antioxidants. REO (OxikanR) is an oil-soluble rosemary extract 
whereas REW (OxikanRW) is a water dispersible rosemary extract. Based on the polar paradox 
theory, non-polar antioxidants are more active in polar lipid emulsions (Frankel et al., 1994) but in 
our study the oil-soluble rosemary extract (REO) was less active than water dispersible rosemary 
extract (REW), which contradicts the polar paradox. Therefore, it can be affirmed that the polar 
paradox (Frankel, Huang, Prior, et al., 1996) does not fully explain the behaviour of the antioxidants 
in these mayonnaises. The partitioning of antioxidants in the water-oil interface could be affected by 
factors, such as the interaction between emulsifier and antioxidant (López‐Martínez & Rocha‐Uribe, 
2018). REW contains emulsifiers in its ingredients, so a possible excess of emulsifier could form 
micelles that were able to modify the location to the interface where the oxidation is initiated. This 
hypothesis needs to be further investigated. The complexity of a mayonnaise-like emulsion system 
could cause unclear effect on the behaviour of the antioxidants. It shows the importance of the 
solubility of rosemary extract in mayonnaise. However, in systems such as ground and cooked buffalo 
meat and chicken patties, carnosic acid concentration and solubility had no significant effects on 
antioxidant activity (Naveena et al., 2013). 
Some studies reported the synergistic activities of rosemary extracts and tocopherol in oils (Hraš et 
al., 2000; Wada & Fang, 1992). In this work the combination of tocopherol and water-soluble 
antioxidants on the oxidative stability of mayonnaise was studied. Tocopherol was chosen to be mixed 
with water-soluble antioxidants because it has previously shown synergistic effect with water-soluble 
antioxidants (Durand et al., 2015). Previous studies showed the synergistic effect of water-soluble 
antioxidants such as green tea, rosmarinic acid and ascorbic acid with tocopherols (Buettner, 1993; 
Yin et al., 2012). The general view has been that water-soluble antioxidants regenerate tocopherols 
by donating a hydrogen to tocopheroxyl radicals formed by initial oxidation of tocopherol (Durand 
et al., 2015). However, in this system no improvement in antioxidative effect was observed regardless 
of the antioxidant combination.  
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The addition of powdered LEM into fresh mayonnaise decreased the lightness and yellowness and 
increased redness of mayonnaise due to green and brown pigments of chlorophylls. During storage 
the lightness decrease, and the redness increase might partly result from the Maillard reaction. Since 
egg yolk contained small amounts of reducing sugars and free amino acids, the Maillard reaction 
could slowly proceed in the acidic conditions in the sample (pH 3–4) (Tananuwong & Tewaruth, 
2010). LEM had the highest change in redness during storage, which could be a result of oxidative 
decomposition of lemon myrtle green particles to brown-coloured products. Also, the non-enzymatic 
browning that the phenolic constituents of LEM can undergo could initiate the brown colour. 
 Conclusion 
This study explored the influence of natural antioxidants i.e. TOC, LEM, REW and REO on the 
oxidative stability of mayonnaise. Addition of TOC (1000 mg/kg oil), LEM (3000 mg/kg oil) and 
REW (3000 mg/kg oil) to mayonnaise improved the oxidative stability of this product and their 
antioxidant effect were like BHA. However, REO showed poor antioxidative activity. In this system 
water-soluble rosemary extract with 2.7% CA showed greater antioxidant activity than oil-soluble 
rosemary extract with 5.2% CA in contradiction with polar paradox. Our findings showed that higher 
carnosic acid concentration and oil solubility does not necessarily mean higher antioxidant activity in 
a mayonnaise. In a real complex food system, the antioxidant efficacy could be influenced by more 
complex factors such as the interaction of antioxidant with emulsifier. The addition of REW and LEM 
caused a rosemary-like and lemon aroma (respectively). Whereas, TOC did not show any change in 
flavour and aroma of mayonnaises. Combination of tocopherol with lemon myrtle and rosemary did 
not improve the antioxidant activity of each individual compound.  
Contemplation of data shows that tocopherol (1000 mg/kg oil) could be used as natural antioxidant 
for mayonnaise, increasing oxidative stability and inhibiting the loss of its sensory qualities. The 
present study adds valuable information on replacing synthetic antioxidants with natural antioxidant 
in food industry especially mayonnaise category. 
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Chapter 8 Conclusions and recommendations 
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 Conclusion 
The main objective of this research was to identify natural products to improve shelf life of 
mayonnaise during storage. The results from this research are crucial for future studies on using 
natural antioxidants in food products. 
Initially, a review of the literature of the factors affecting lipid oxidation and methods of retarding 
lipid oxidation with an emphasis on using natural antioxidants in mayonnaise was performed 
(Chapter 2, p.6). Based on the literature review, one of the most effective means of retarding lipid 
oxidation in mayonnaise is using antioxidants. However, because of the negative effects of synthetic 
antioxidants, there has been a growing interest in using natural antioxidants to retard lipid oxidation 
in food products. The literature review showed that it could be possible to replace synthetic 
antioxidants with natural antioxidants in mayonnaise, but a better understanding on the efficacy of 
natural antioxidants is needed. The application of natural antioxidants is limited due to their 
characteristic flavour and colour. 
In order to identify an antioxidant that could retard lipid oxidation in mayonnaise effectively, a 
thorough study of the lipid oxidation process and lipid oxidation markers was necessary. Therefore, 
the effect of temperature and BHA on the evolution of volatile compounds using two dimensional 
gas chromatography/time-of-flight mass spectrometry was studied (Chapter 3, p.43). There is a 
considerable difference in the concentrations and identities of volatile composition of the headspace 
of samples stored at varying temperature. The nature and concentration of compounds generated at 
38 °C are different from those that occur at low temperature (25 °C and 4 °C). These differences 
could be due to differences in nature and proportion of intermediate compounds formed and the 
timing of their formation. The content of hexanal in mayonnaise stored at day 5 of accelerated storage 
(38 °C) might be able to be used to predict the concentration of hexanal at day 62 of room temperature 
(25 °C). The content of hexanal in mayonnaise at day 5 of storage at room temperature could be used 
to predict the corresponding compound at day 92 at 4 °C. Based on these results, for our future studies 
we could store samples at 38 °C for accelerating oxidation. It was also observed that BHA reduced 
the concentration of these compounds in varying degrees for different volatile oxidation compounds. 
The main volatile compounds were alcohols, hydrocarbons, alkanals, alkenals, alkadienals, ketones, 
and alkylfurans, which are formed from break down of fatty acid carboxyl group chains of sunflower 
oil. The 10 most important discriminating compounds based on VIP during lipid oxidation of 
mayonnaise (at 38 °C for 92 days) are 3-hexenal, pentanal, 2-heptenal, 2-ethylfuran, hexanal, 
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benzeneacetaldehyde, 2-pentylfuran, 3-methylhexane, 1-pentanol and 2,4-heptadienal. More than 
half of these compounds have a close relationship with the initial content of linoleic acid, which 
agrees with the fatty acid profile of sunflower oil (~70% linoleic acid). These volatiles could be used 
as additional markers of oxidation in mayonnaise made from sunflower oil, and by looking for a 
specific antioxidant that can inhibit the formation of them, good oxidative stability could be achieved. 
The following compounds underwent the greatest increase in concentration in samples stored at 38 
°C during 92 days: 1-pentanol (alcohols), ethenyl hexanoate (esters), 2-heptanone (ketones), hexanal 
(alkanals), 2-heptenal (alkenals), 2,4-heptadienal (dialkenals), and 2-pentylfuran (furan derivatives). 
Table 6-8 shows the correlation of some of these compounds with fishy and rancid flavour and aroma. 
The rate of lipid oxidation in mayonnaise stored at 38 °C for 60 days is much higher than bulk oil. 
The efficacy of BHA in retarding lipid oxidation is higher in mayonnaise than oil. BHA is a non-
polar antioxidant and in mayonnaise, which is an O/W emulsion, has an affinity toward the water-oil 
interface where lipid oxidation occurs. Therefore, BHA works better in mayonnaise than the bulk oil 
Chapter 4 p.67). Hence, for studying the efficacy of natural antioxidants their solubility in the water 
or oil phase plays an important role. Thus the effect of hydrophilic and lipophilic antioxidants were 
studied in chapters Chapter 6 and Chapter 7. Results from Chapter 7 also shows the complexity of 
mayonnaise system and contradiction with polar paradox. 
The in vitro and in situ antioxidant activity of BHA and natural antioxidants ( green tea extract (GTE), 
tocopherol (TOC), rosemary extract water-soluble 2.7% carnosic acid ( CA, REW), rosemary extract 
oil-soluble 5.2% CA (REO) and lemon myrtle (LEM) and their stability during storage of mayonnaise 
were studied (Chapter 5 p.77). BHA showed the highest in vitro and in situ antioxidant activity and 
its antioxidant activity was stable during storage of mayonnaise. Green tea extract and tocopherol had 
the highest antioxidant activity among the natural antioxidants, but their antioxidant activity 
decreased during storage. Lemon myrtle and rosemary extracts had similar antioxidant activity in 
mayonnaise. A differentiation between rosemary extracts based on the carnosic acid percentage was 
expected but rosemary extracts with 2.7 and 5.2 % CA showed similar antioxidant activity in situ and 
in vitro. Rosemary extracts were stable during storage of mayonnaise. 
The antioxidative efficiency of hydrophilic GTE (500 mg/kg oil), lipophilic TOC (500 mg/kg oil), 
and green tea-tocopherol mixture (GTT, 250 mg/kg oil GTE + 250 mg/kg oil TOC)) in mayonnaise 
was investigated by measuring colour, hydroperoxide concentration, volatile oxidation compounds 
and by conducting sensory evaluation with a trained panel, during 60 days of storage at 38 °C 
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(Chapter 6 p.90). The results showed that GTE and TOC at 500 mg/kg, increased the formation of 
hydroperoxides and certain VOxCs e.g. heptanal, octanal and nonanal. The pro-oxidative effect of 
GTE could be due to partitioning of hydrophilic tea catechins in the water phase of the emulsion and 
becoming less protective and/or reducing transition metals to their catalytically active state. Further 
investigation is needed to confirm these hypotheses. Although GTE and TOC showed high 
antioxidant capacity in vitro and in situ Chapter 5), at 500 mg/kg oil concentration they showed pro-
oxidative effect on lipid oxidation products in mayonnaise. This finding emphasises the importance 
of matrix effect on the efficacy of antioxidants.  
Adding GTE to TOC improved the antioxidant activity based on hydroperoxide concentration, 
pentanal, hexanal and 2-heptenal compared to the individual extracts. Antioxidant efficacy of TOC 
mixtures could be influenced by the presence of a hydrophilic antioxidant. However, sensory 
evaluation demonstrated that GTE promoted the development of unpleasant fishy and rancid aromas. 
Partial least square analysis elucidated the predictive ability of VOxCs for sensory terms. The results 
of the predictive PLS (volatile compounds vs sensory attributes) revealed that methional is positively 
correlated with fishy, rancid and eggy aroma and flavour. Regarding colour analysis, GTE showed 
the highest increase in darkening and browning during storage that could be due to oxidation of 
phenolic compounds in GTE during storage and forming brown colour  
In Chapter 7 the antioxidant effects of TOC (1000 mg/kg oil), lemon myrtle (LEM, 3000 mg/kg oil), 
water-soluble rosemary extract containing 2.7% carnosic acid (REW, 3000 mg/kg oil), oil-soluble 
rosemary extract containing 5.2% carnosic acid (REO, 3000 mg/kg oil), butylated hydroxyanisole 
(BHA, 200 mg/kg) during storage of mayonnaise at 38 °C for 60 days were assessed. The formation 
of lipid oxidation products (hydroperoxides and volatile oxidation compounds), colour and sensory 
properties were investigated, and the results were compared to samples without any additive (CON, 
negative control). Based on the results of Chapter 6 , there could be synergistic effect between an oil-
soluble antioxidant and a water-soluble antioxidant therefore, the combination of TOC with LEM 
(L+T, 3000 mg/kg oil LEM +1000 mg/kg oil TOC) and water-soluble rosemary extract (R+T, 300 
mg/kg oil REW + 1000 mg/kg oil TOC) were studied. TOC, LEM, REW inhibited lipid oxidation as 
well as BHA, but not REO. However, the sensory properties of LEM and REW were inferior 
compared to TOC and BHA. The reason why a difference from control test was used in chapter 7 is 
because by conducting descriptive sensory analysis we realized that the antioxidants may contribute 
to some differences (the ingredient itself has flavour which is not a lipid oxidation flavour). Therefore, 
by using a difference from control test this problem was resolved. Irrespective of carnosic acid content 
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and solubility, water-soluble rosemary extract showed significantly higher antioxidant activity 
compared to the oil-soluble rosemary extract in mayonnaise, which contradicts with polar paradox 
theory. A combination of TOC with LEM and REW did not exert a tendency for improving the 
activity of each individual antioxidant. TOC at 1000 mg/kg oil showed high antioxidant activity, but 
our results in Chapter 6  showed pro-oxidative effect of TOC at 500 mg/kg oil in mayonnaise. 
Therefore, the efficacy of TOC was concentration dependent. Based on the results, it can be concluded 
that TOC (1000 mg/kg oil) can be recommended for the food industry as a substitute to synthetic 
antioxidant in mayonnaise. TOC is generally recognized as safe (GRAS) and can be used according 
to the good manufacturing practices. 
 Recommendations for further research 
Using natural antioxidants in food products is a new area. The synthetic antioxidants are more 
economical and stable than natural antioxidants. Therefore, designing a natural antioxidant system 
that can have the same activity and properties of synthetic antioxidants is challenging.  
Natural antioxidants have characteristic flavours therefore finding an optimum concentration that 
does not change the sensory properties and maintains good antioxidant activity is crucial. By knowing 
the synergistic effect of antioxidants, the concentration of antioxidants could be lowered and the 
change in sensory impacts could be prevented. More investigation needs to be done to understand the 
synergistic effect of antioxidant in terms of concentration, ratio and type of lipid. The selection of 
antioxidants for getting a synergistic effect is crucial. The antioxidants could be selected based on 
their solubility or their mechanism of activity for example chelating agent, free radical scavengers. 
Our results contradicted the polar paradox theory, therefore more studies are needed on the activities 
of the antioxidant based on their solubility in complex food systems such as mayonnaise. In addition 
to polarity, other complex factors should be considered to explain antioxidant efficacy. Theories such 
as cutoff effect or the pseudo-phase model challenges the polar paradox and pointed out the 
importance of the interfacial location of the antioxidants. 
Studies have shown that the concentration of the active compound in the antioxidants may affect their 
antioxidant properties. However, in our study the in vitro activity of rosemary extracts with 2.7 and 
5.2% CA were similar. More investigations on the effect of the concentration of active compounds in 
antioxidants in food products is needed. A range of high and low concentrations of active compounds 
in antioxidants should be tested to find the optimum concentration. 
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The efficacy of antioxidants in food products is different from their in vitro and in situ antioxidant 
capacity. The matrix of food products and the components in food could affect the antioxidant 
properties significantly, therefore testing antioxidants in different food matrixes i.e. oil in water 
emulsions, bulk oil and water in oil emulsions is suggested.  
One of the factors that could complicate antioxidant activity is egg protein. Phenolic compounds 
could bind to proteins and this binding could affect their antioxidant activity. There should be more 
investigation on how does egg protein affect oxidation and antioxidant activity.  
Emulsifier type has an important role in the antioxidant efficacy, and a study looking at non-protein 
emulsifiers vs protein ones would be able to give more information on antioxidant efficacy. 
Metal ions could affect the antioxidant activity of antioxidants by their binding to the antioxidants. 
They can either reduce the antioxidant activity or increase the antioxidant activity. In systems such 
as mayonnaise that Fe2+ plays an important role in lipid oxidation, further studies on the role of metal 
ions on antioxidants are needed. 
Based on our results, 1000 mg/kg oil of mixture of tocopherol could effectively prevent lipid 
oxidation in mayonnaise without any change in sensory properties. Studying this antioxidant in other 
food products such as salad dressings, milk, butter and other high oil containing foods is 
recommended. Different matrices may result in 1000 mg/kg being pro-oxidant. Therefore, studies 
would need to be done to establish the optimum concentration. 
This PhD study showed a potential for using lemon myrtle as antioxidant in mayonnaise. There is a 
scarcity of knowledge on using native Australian bush food as an antioxidant in food products. The 
potential of Australian bush food will introduce opportunities for future studies investigating for 
natural antioxidants in food products. In this study lemon myrtle powder was used that changed the 
appearance of the product and imparted a flavour which could be addressed by using lemon myrtle 
extract. More studies on finding the best extraction method is needed. 
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Appendix A. Standard curve for hydroperoxide measurements. 
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Appendix B. GC × GC-TOF-MS parameters for comprehensive profiling of mayonnaise volatile 
compounds. 
Autosampler settings 
Incubator and agitator On 
Incubator temperature 80 °C 
Fill speed  50 μl/s  
Injection speed  100 μl/s  
Injection volume  1.5 ml  
Syringe temperature  80 °C  
GC × GC-TOF-MS conditions 
Injection mode  Splitless  
Injector temperature  250 °C  
Carrier gas  Helium (99.9999%)  
Flow rate  1 ml/min  
Primary column  Agilent DB-624UI (midpolar)  
Primary column composition  6% cyanonpropyl phenyl, 94% polydimethyl 
siloxane  
Primary column length  30m × 250 μ × 1.4 μ  
Secondary column  Restek Stabilwax (polar)  
Secondary column composition  crossbond polyethylene glycol  
Secondary column length  0.9m × 250 μ × 0.50 μ  
Secondary column temperature  15 °C offset primary  
Modulator temperature  25 °C offset primary  
Modulation  2.5 s  
Hot pulse time  0.4 s  
Cool time  0.85 s  
Transfer line  240 °C  
MS voltage  1500 V  
Electron energy  70 V  
Scan rate  200 spectra/s  
Mass range  35-500 m/z  
Metadata pre-processing parameters 
Baseline offset  0.5  
Peak Width  15  
Match Required to combine (2D)  600  
Peak width (2D)  15  
Minimum signal/noise (S/N)  25  
Segmented Processing S/N  250  
Number of hits to return  5  
Minimum mol Weight  45  
Maximum mol Weight  500  
Mass Threshold  10  
Minimum similarity match  600  
Stat Compare options 
ChromaTof version  V4.50  
Minimum similariy match  800  
Maximum modulation periods apart  1  
Maximum RT difference (s)  0.1  
Minimum number of samples that contain the analyte  5  
Minimum percent of samples in a class that contain the analyte  50 
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Appendix C. Standard curves for quantifying α, γ and δ-tocopherol. 
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Appendix D. Volatile compounds detected in the headspace of mayonnaise and sunflower oil by two-
dimensional gas chromatography time-of-flight mass spectrometry. 
Peak number Volatile compound 
1 (E)-4-Oxohex-2-enal 
2 1,3-Octadiene 
3 1-Butanol 
4 1-Butanol, 2-ethyl- 
5 1-Ethyl-5-methylcyclopentene 
6 1-Heptanol 
7 1-Hepten-3-ol 
8 1-Hexanol 
9 1-Iodo-2-methylundecane 
10 1-Pentanol 
11 1-Penten-3-one 
12 2,4-Decadienal, (E,E)- 
13 2,4-Heptadienal, (E,E)- 
14 2,4-Hexadienal, (E,E)- 
15 2,4-Nonadienal, (E,E)- 
16 2,4-Octadienal, (E,E)- 
17 2-Heptanone 
18 2-Heptanone, 4-methyl- 
19 2-Hepten-1-ol, (Z)- 
20 2-Heptenal, (Z)- 
21 2-Hexanone 
22 2-Hexenal, (E)- 
23 2-Octanone 
24 2-Octenal, (E)- 
25 2-Pentanone 
26 2-Pentenal, (E)- 
27 2-n-Butyl furan 
28 3-Penten-2-one 
29 4-Ethylcyclohexanol 
30 4-Heptenal, (Z)- 
31 Benzaldehyde 
32 Cyclopentanone, 2-methyl- 
33 Decanal 
34 Decane 
35 Nonane 
36 Disulfide, dimethyl 
37 Tridecane 
38 Furan, 2-ethyl- 
39 Furan, 2-pentyl- 
40 Furan, 2-propyl- 
41 Furfural 
42 Heptanal 
43 Heptanoic acid 
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Peak number Volatile compound 
44 Hexadecane 
45 Hexanal 
46 Hexanoic acid 
47 Nonanal 
48 Nonanoic acid 
49 Octanal 
50 Octanoic acid 
51 Pentanal 
52 Pentanoic acid 
53 Propanoic acid 
54 Tetradecane 
55 Toluene 
56 Tridecane 
57 n-Caproic acid vinyl ester 
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Appendix E. Standard curve of gallic acid for ABTS measurements. 
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Appendix F. Standard curve of FeSO4 for FRAP assay. 
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Appendix G. Standard curves for quantifying volatile compounds by GC×GC/TOF-MS. 
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Appendix H. Evidence of UQ Ethical Clearance for the Research. 
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Appendix I. Example of sensory work sheet. 
Aroma Scales 
Aroma 
intensity 
 
none           high 
Plastic  
 none           high  
Freshness  
none           high 
Vinegar  
none           high 
Balsamic  
none           high 
Savoury  
none           high 
Rancid oil  
none           high 
Eggy  
none           high 
Fishy  
none           high 
Flavour Scales 
Tangy  
none           high 
Sweetnes
s 
 
none           high 
Savoury  
none           high 
Saltiness  
none           high 
Rancid oil  
none           high 
Fishy  
none           high 
Eggy 
none           high 
Hotness 
 
none           high  
 
 
